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preface: 


Slow'speed efigines were described in tlio first volume of this 
n^ork. In the j)resent , ^volume the author, deals with higlTspeed 
ejfgines. 

He wishes again to express his iiidcbtediipss to liis colleague, 
•Mr. H. A. HStluirington, for his generous help, aiu^to his assistanfs, 
J. F. Alcock, for his lielp and timely criticism®, .and Mr. Tl. J. 
Copsins, for much valuable data, also to IVIr. II. T. Tivaji^ifai^ his 
friendly advice,^ and from whose splendid researcli work he has 
» drawn ’*ver}* freely. Ilis thanks are due also to the A^atic, 
Petroleum Company for their permission to publish freely and 
unreservedly the .results of investigations carried out on their 
behalf into the behalj^iour of tli5 various available liquid fuels ; to 
the Vauxhall Motor Company for permission to describe not only 
one of their ordinary car engines, but also one i>f their special 
racing engines ; to Mr. J. W. Burt for Ids ikiudiless in preparing 
an analysis of sleeve valve operation ; and to all* those engine 
.buil ders w ho have' so kipdly supplied him with data, etc. ; and 
finally, but not least, t6 the Technical Dej)artment oi the Air 
'Ministty, to whose initiative so much research work on the 
InternabCombustion Engine has been dife 
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THE 

•II^TERlSIAL-COMBtSTION' 
‘ ENGlNE^ll' 


[NTRODUCTIpN 

Until tte advent of the^Great War, most of* tlie^ scientific t^^lent 
ifi this country which liad interested itself in the development of 
•internal-combustion engine was devoted tg rcisparch upon, and 
development of, the relatively heavy slo\v^specd statiofti*ry 
a type which, it ifow appears, has but a limited scope, for in the 
jeally large powefs it can hardly compete with the modern steam 
turbine, wliile in the smaller powers, its field is being narrowed (Tally 
by th^ gradual spread of eleetricity.* • 

Very soon after liostilities beg^n, it became apparent that l^he 
light nK)bj]e high-speeiJ type of internal-combustion engine applied 
to transport, aircraift., a^d later to tanks, was destined to play a 
very important, if not decisive, part in the conduct* of the War. 
Every effort was then made to concentrati all * the available 
scientific .talent on , the development of the high-speed engine. 
Independent scientists and investigators, and such national institu- 
ting 'as^-nlfe Udyal Aircraft Establishment and the IJational 
P^hysical Laboratory were requested to turn their attention to 
this subject, and every facility was lavished on th«m. ^j^hey were 
invited to co-operate with the manufacturers and were «^ked to 
make a cajeful theorelical study of both the mechanical end thermo- 
(^nETmic problems involved, a«id to recommend how ftnd in what 
directjOh'iie gtnerjll efficiency.,Qf these light engines might be main- 
lined and improved. The campaign of intensive i^searcb which, 
resulted fmnvtnis sudefen influx’.of scientific talent, accompanied by 
'almost in«x!^austible funds for research, has resumed in the produc- 
Jjon of light high-speed engines Aich, •besides giving what^a few 
year!# ago would have b'een considered an almost incredible p^er 
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• 2 THE INTERNAJLfcftMiUSTION ENGINE 

•output in relation to ^eir size and yeight^ d&n show, a^high an 
efficiency as that ol ihe largest sloV-speed tyjffe. What is perhaps 
more important still, the phasic principles, berth mechanical and 
thermp-dj^n^ic, uppn whiclj thp performance^ of sucj>« an engine* 
depends, have Ijeen ^inyestiga^ied ims^ pomglete and con^rdbensive 
a manner thibt ^die performance qf any 'engine can now fee gaug^ 
with* aocura(?y from a study of the dtsigft alone ; ^or conversely, 
^an engine can be de^signed to fulfil any •specific requirement as to 
power output or effioiency, with the sam*e precision a^'in thelsase 
of ft stfianf-engine. 

That the internal - combustion engine has found its# ultimate 
sphe^ in the light mobile high-speed type is now evidenced by tjj^ 
fact thatjVhereas in* the years immediartely before the War the 
annual outputs in horse-power of both the hght and heavy typfr i;^ 
this country was aJjout equal, to-day the aggregate annual power 
output of the Ifght high-speed type is at least tea tifnes thaf of aft 
other types, and jn numbers prol)ably nearer twenty times. • ^ 
far more'' is •known about both the possibilities and the 
^limitations of the high-speed internal-combusfiftn engine than was* 
the case before the War, and it seems fairly evident that its^it^le lies* 
in* l3ie propulsion of all forms of transport where its light weight 
and low fuel consumption render it supremely valuable. It ij^in the 
author’s opinion extremely doubtful whether iv will ever attain to 
more than its present very uncertain footing for stationaY^ purposes, 
where neither its own light weight nor that of the fuel it consumes 
can be of much assistance to it in the struggle for existence. 

Already, and in fan incredibly short space of time, the internal- 
combustion amgine has gained practically undisputed sw^^y over all ' 
forms of road transport, and in doing so has developed and even 
almost revolutionized this previously decaying syst(5m. i?itrfcwi3hcrtt ^ 
years it has both opened up the possibility of aerial transport and 
made it a powerful factor, in war at all events ; it will almost certainly 
extend ^Sail transport al^o, beginning, no doubt, in countries where 
long distanqes Jfave to be traversed and whefe fuel and water are 
scarce. It fs‘ already ousting the steam-engine from tlie sifiallft 
classes of shipping and is extending very gradually to dho larger 
vessels, but here its progress will probably be slow, for the steaim' 
turbipe shows to particular advantage as a ^marine 'eijgine, because 
in this field alone it can always get that upon which its' efficiency so* 
largely depends, i4mely, an unlfmited^ supply of cold water, 
c the latge steamship, alone of all forms of transport, requires a^v^ry 
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liigh-powere^ installation, ariRi jj:; is in units of high power output 
that steam retains its supremacy. 

• With but few e^oeption^, all light moBile engines consunie volatile 
liquid fueU# 

^ Up tcy the ppesenxy jomyiwo lueis avjisiame injDiyK are gerrol 
— a geneflc^term covering any iow-boiling distillate ^ from crude 
petroleum — and benzol,* a^ ^stillate fraih coal»tar, consisting of 
bqpzene‘wi1;ii a small percentage of toluene. * * ^ 

f he supply gf both these fuels, and more particularly ^iie J»ttjpr, 
will soon Oecome une(fuai*t(f the demand,* with the result that a critical 
situation m bound to arise ir\ the not very distant future. Civilization 
iaoiow so deeply committed to the use of internal-combustion engines 
for all road tran^ort anS for many other purposes, that it is a 
rgal^er of absolute necessity to find an alternative fuel.* Fortunately 
such a fuel is fii sight in tlm form of alcohol ; ‘thi^ is a vegetable 
ptoduob whose consumption involves no drain on tlie world’s storage 
•lid •which, in tropical countries at all events,^ c<fii ultimately be 
produced in quantities, sufficient to meet the world’s domitlTtl, at alU 
Events at the preseill rate of consumption. 

^ By the use of J fuel derived from vegetation, mankind is ad^t- 
ing the sun’s heat to the development of motive power, as it 
become,s available from day* to day ; by using mineral fiiels, he is 
consuming a legacy— and a limiteci that — of heat stored 

away rftan^*thousands^f years ago. In the one case he is, as it 
were, living within 4iis income, in the other he is squandering his 
capital. 

The mobile internal - combustion engine i^ nbw no longer a 
luxury ; it has becouic one of the prime necessities of peaceful 
civilization and the prime necessity in time of war ; therefore, the 
assurance Of its iu€i supply should be considered a matter of n^-tional 
in^ortance. It is perfectly well known that alcohol is an excellent 
fuel, and there is little doubt but that suf5cie!j;it supplietf^ould be 
produced within the tropical regions of *the British Empffe^ yet 
little or not^iing is being done to encourage its developm^ent. J udging 
frBm past expedience, no active steps will be tS-ken until a ^rious 
crisis has pjiisen^ and since it n^st take ^t least ten years to create 
tlie necessary organization and -machinery for the production of 
alcohobon*the scale wfiich will.be required, the crisis may be a 
serious and^ffrolonged one. 

In the, author’s opinion it.is umixeiy -rnar any, crisis m rue luei 
situXtiDB. will have an adverse effect on the development of the 
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internal-combustion engtae, for the^infple reason that It has become 
a necessity, but it will probably haye the effect of increasing the 
cost of tjansport and with® it the' cost of living generally. It wilt 
also, 6f coui*se, haVe the effect iDf forcing* designers df* engines to 
concentrate piQilp attention orf the atfai^mefit of hi^ eflfefeftcy ai|d» 
fuer^eqonomx, which is all to the good^ 



chapter' 1 

volatile mc^iD FUEL* FOR inter5iaL 

60MBUSTI0N ENGINES 

ffhe volatile liquid tuels available in bujk at the present aay, or 
Kkely to be available in the near future, consist of^petrol, bftnzol, 
Ijeros^e, anc^ dcohol. 

Petrol, as is well known, is a distillate from crude petroleum ; 
yc consists of a heterogeneous mixture of^ab tlfifse hydrocarbon 

fractions which boil between the limits of 140° F. and^bcJfll 400° 

0 

Thjse fraAions belong to three different series : 

General Formula. ' 

The Paraffins ... ^ , C,4l2n-(.2 

The Naphthenes CJign 

%nd the Aromatics ... .♦ 

• « 

In addition to liiese three leading groups there are also present 
a small proportion of members of the olefine series* though the 
proportion found in natural ” as opposed to • cfacked ” petrols is 
usually sc^small as to, be almost insignificant. 

The individual members of the paraffin series present in petrol 
al’e . 


Fuel. 

• 

Formula. 

• 

f B(^i/ing*Pornt 

O'' F. 

• 

Sf^ific Gravity 
aU(B0" F 

• 

• H^ane ... • 

Hept^e ... • , 

^Oct*ne * < 

Nonane 

Decahe f 

Undecan^. " 

• 

^7^16 

' '^10^22 
^11^24 

•15G • < 

209 

258 

302 • 

343 

383 

'L- 

• 

. 0-663 

0-691 

0-709 

0-723 

0-735 

0-746 


•Tliose of the naphthdne series are : 
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Although, in* most examples of commercial petfol, the members 
of the paraffin ^ocies predominate, yet this is by no means alw*ayi^ 
the*casefi'^nd it is thh exception rather than the rule, for the 
paraffin content of a petrol to exceed 60 per bent the whole 
Generally speaking, paraffins are commonest in the*Wefterj% oilfields,^ 
naphthenes in the near Eastern, and aromatics in the far Eastern oil- 
fields. This, however, is only a* rough generalization, for there are 
many exceptions. 

The following table gives the analysis of' seven typrcj^l samples 
of petrol drawn from widely different partes of the world and illus- 
trates how greatly the composition may vary. In this table the 
presence of small traces of other complex substances such as thiophine, 
&c., which play no perceptible part in the behaviour of th^ fuel, has 
been ignored. 
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It is evtdent figi/m the*abpve that the specific gravity, as a 
measure either of the composition or of the volatility of a fuel is 
•quite meaningless..* If, as is sonfetimesWoneously supposed, petrol 
consisted ^tirely Oi members of •the •paraffin Series, tHen,*- since the 

• gravity, the mblecularnveight^ &nd tlie boilmg point^o^the mepibers 
of this series rise together, the ^avity would be a njeasure of the 
volatility. The presence, Jip^ever, of even^ vew’y small proportion 

^ of j romatics whosf specific gravity ranges from 0-860 to abojit**^ 
0-885 wiU, df oourse, entirely upset any deductions whi(;h cpwld be 
•drawn from consideratiftiA of specific gravity alone. As a specific 
illustration it may* be mentioned that of the fuels tabulated ajjove, 
•*^^6ample B sp. gr. 0-723, a special very low-boiling air^r^ spirit 
prepared for the* Cr(;'ss-iitlantic flight, is by far the most volatile, 
•ye^ its gravity is not the lowest by any means. The best* fuels, 
i.e. those f^m which the* highest power and* efficiency could be 
obtained, were samples A, D, and H, which have the highest specific 
gravity of all, but which are rich in aromati(‘.s n^fphihenes or both, 
while the worst without question is sample sp. gr. 0;>71^ • * • 

\ It will b^ shown later that, of the three leading groups, the 
^presence t^ic aromatics is*the most of all to be desired from every 
point of view, that of the naphthenes next, while the paraffins are 
highly objectionable and the smafller the proportion pVesent the 
better. 

Th€ugji* the phenofnenon of detonation will be discussed later it 
may be stated at •this stage that it is by far the most important 
factor in determining the quality of a fuel, and it*is one which 
depends primarily upon its chemical compdfeitton. The paraffin 
series ares the worst of all from this point of view, and 'they become 
progressively worse as their molecular weight and gravity increase ; 
fhuS, for ex^mplb, hexane is much better than heptane, and so on. 
.yhe naphthenes are very much better, while the aromatics are the 
best of all as regards detonation. 

Commercial benzol is a coal-tar distillate consisting ;piimarily 
of gure Ijfn/^ene Uglls, with a little toluene and a* tra«e of xylene^ 
^hese are alUaromatics. Its*specific gravity ^ranges from 0-875 to 
0-882^ •deluding ofi the propqition of toluene present. 

This fuel l^as many advantages over petrol, but fully to realize 
theses, it is necessary* to work with a much higher compression 

* ratio. ^ 

The available members oi the* alcohol group consist of methyl, 
ethyiy* and butyl alcohdl. These are not true^ hydrocarbons, since* 
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each contains oxygen iik the molecuje. • In coli^uenc^ of this and 
of their higher latent ‘heat of evaporation,, the behaviour of these 
fuels is somewhat different Ho tha^ of tffe true'liydrocarbons. So* 
far as thejr tendency -to detonate is concerned they are mfen better 
than the aromajks, though wlfen ^ndei a very* high* compre^ 

. sion methyl alcohol in particular is liable to pre-ignite^ without 
warning*. Ojving te thuir^high latent ^lifeat and low flhme tempera- 
N^ajre the whole temperature of the cycle i^ lower^ while owing a gaijj L 
to th^.^hi^h latent he^t of evaporation and therefore. ter the reduced 
suction temperature, th(^ vofiimetric effidiefic/ of an engine usings 
alcohol is considerably higher than when using* petrol *of benzol. 
The re^t pf the lower flame temperature is that the engine operates* 
at a higher thermal efficiency, while thS increase in volume^ic 
efficiency much more than balances their lower internal energy, *so* 
that the maximum power output on alcohol is considerably greater, 
while the heat flow to the engine cylinder is louver than on petrol or 
benzol. 

Tlui p»fperties of a fuel which determine its value for use in an 
internal-combustion engine are : 

•(i.)/rendency to detonate. 

(ii.) Latent heat. 

(iii.) Volatility. 

(iv.) Calorific value of the fueh 
(v.) Heat value of the mixture. 

All volatile liquid fuels when vaporized and mixed with air in the 
proportion required to give complete combustion have, within very 
close limits, the same heat value per standard cubic inch of*mixture, 
hence they all give the same power and the same thermal efficiency 
when u^ed under the same conditions. It is onl}^by varying Hh? 
compression ratio or by altering the degree of vaporization in the, 
carburettojror induction pipe that any variation in power output or 
efficiency can be obtained. » 

Tendency of Fuels to detonate. — The phenomena of detona- 
tion as apart <rbm its'relation to the nature of the fuel will be (Jealt* 
with later, but for the present it is su|[icient to StateVhaUtheJimit 
to whichethe compression ratio can be raised, and therefore the limS 
of pow;er output and efficiency, is goyerned b^ the conditions which 
control detonation and pre-ignition. 

With all known petroleum spirits, detonation precedes ^nd sub-^ 
^quenfly produces pre-ignition, but in the cUse of certain fuels «u6h 
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as etlier, carbon disulf^hide ^at a low comjression ratio), also the* 
pure aromatics an(f alcohol (al a high coifipl*ession ratio), pre- 
mgnition is liable Ip 'occur \^thou1i prelininary detonation. 

Of the •Q^>nstitucnts pf petrol the paraffins are by kr fhe^ worst 
^ offenders as regards detonatipr^ while the aromatics are the best. It 
i^ found ^Isp that all mixtures o£ these bodies obey the ordinary 
proportional l^s and th*at thare is practically a straight Jine tclation 
•bg^een the mixture p^opjSrlion of two or moct? hydrocarbons and ^ 
the compression ratfo at which detonation occflrs. ^ 

• In fig. 1 ’is showfl as a full line tBe observed relation between 



Fig. 1. — Curve showing Compression Ratio at which l^ctonation occurs 


the compression ratio and the point at whtcli detonation occurs when 
to pure h^tane \iarylng proportions of benzene (bBuzol^ are added. 
Owilig to the* Influence of combustion-chambef desigft,*and to other 
factors* whidi ^11 be considered later, it is not possible to lay down 
*a*har(i and fast relation between the fuel and the^igh^t com- 
pression ?atio at whiclf it may ^e used in any type of engine, but 
It is possible in the light of present knowledge to give relative values, 
though tjiere is some difficujty in*seleciing substances to be taken 
^s^t^ndards. .In the investigations which the author’s firm tarried 
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out Oja behalf of the Asiatic retroiejim*U)., a sample ol petrol, con- 
sisting mainly of par&ffins from which nearly all the aBomatics had 
been removed by sulphonaiJon, was taken as zeiSo^and at the other* 
end of^the sdale pure* toluene waschosen ; the relative 45ndency of 
different fue^s ^ detonate wAs th^i^ pressed in*terms th^r# 
“ toluene value, i.e. *the equival^t j^roportion of toluene which it 
would l5e nqpessary to tn& with the Standard aromatic free petrol 
.in order to give it* the same tendency to detonate as that of Jbe' 
sample^ under examination. Later investigation sho\fed that the 
standard ‘^aromatic free.” pelrol which cftnl^ained about 35 per cenif 
of naphthenes and the lighter members oLthe pai»ffin sendS, was by 
no meft^s ^he worst offender as regards detonation, and that in fact*" 
several samples of commercial petrol were actually considerably 
worse* Also it was found that toluene was not so effective in resfst^ 
ing detonation as ethyl alcohol. Since, however, th^ expression 
‘‘ toluene value ’’ has become rather widely* used®, it is probably 
better to retain tke term. 

^ Tabled gi, yes the tol&ene values and the highest useful compres- 
sion for various fuels. The highest useful compr5ssion®ratio may be*' 
defined as the highest ratio at which a •particularfy engine^ 

used fof the purpose of investigating the behaviour of fuels could 
be operated without detonatiorf at any mixture strength or with 
an/ ignition timing, with a standard amoun^; o*f preheating to the 
carburettor, and at a speed of 1500 R.P.M. * 

In this connection reference may be made to* the common belief 
that the rate* of burning of the fuel, though one of the factors con- 
trolling detonation, forms a limit to the speed at w^hich an engine 
can run. * • 

The normal rate of burning (as distinct from the detonation 
rate) of* any stagnant fuel/air mixture is so low as^to be practiffallf 
useless so far as any internal-combustion engine is concerned. 
must look^ therefore, jentirely to turbulence or the mechanical dis- 
tribution of the flame to spread combustion throughout the whole 
mass of thedwosUing fluid, and, since this is the case, i^ fallows that 
the normal rsrte* of buftiing of any fuel is practically without influence 
on the speed at which an engine will €jin. 

It ha^ beetl found that a fuel with a low normal r^ite of burning, 
such, for example, as ethyl alcohol, ij^ill opera^ just as effitien^ly in 
a high-speed, low-compression, engine as will hexane or^petrol, and 
that the relative efficiency and pt)wer obtained is exactly the sam^ 
•throughout the whole speed range. The ndrmal rater of burnmg^of 
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II 


Tilble I 


r 1 

dFuel. 

« 

Highest Useful 
^Compression Rati) 
in variable Com- 
pression Engine.# 
Total Volume 
^ , 
Clearance Volume 

• f 

t 

TolUen% Vaftie. 
Toluene = UK) 

• - Ammatic Free 

Patrol = 0 %! . 

• .• • 

• • 

•Somatic Free Petrol * . 

4-85 / ' 

0 

“ A ” Petrol* , 

G-0 

3S-0^ 

“B” •„ .• ... 

• 5-7 

28-0 

“C” 


• 13-5 

“D” „ ... • ^ 

5-35 

16‘5 ^ 

“E” „ 

4-7 


“F” „ ... • ... 

5-05 * 

6-5 

LKr’ „ • 

4-55 

- lO-O 

«H” „ 

5-9 

• .35-0 . 

“I” 

4-3 

-20-0 

• • ^ , 

Heavy Fuels 



Heavy Aromatics 

OT, , 

•» 55-0 

Kerosene 

4-2 • 


* • 

Paraffin^Series 



Pentane^Noimal) * ... 

5-85 

33-0 

Hexane (80 % pure) 

5*1 

8-0 

Heptane (97 % pure) .... ... 

. 3-75 

-37'0 

* 

J^omatic Series 

• 

67*0 

Benzene 4pure) ... * 

6-9 t 

Toluene (99 % pure)b 

>7-0 

100*0 

Xylene (91 % pure) ... 

>7-0 

85*0 

m 

Naphthene Series 

• 

• 

Cyclohe^nc (93 % pure) 

5-9 t 

• 35*0 

Hexahydro toluene (80 %) 

5-8 

31-5 

^ Hexahydroxylen^ (60 %) 

4-9 

1*5 

1 

Olefines * 



Cracked Spirit (53 % unsat.) 

5-55 

• • 

. . >^3-6 

Alcohol Group^ dc. 

• 

9 

Ethyl Alcohol (98 %) 

^ *„ .. l(95vol. %) ... ... 

>7-5 

*• O88-0 

>7-5 • 

« >88*0 

Methyl Alcoholt(Wopd Naphtha) ... 

5-2 t 


^MeUiylateTSprits \’. 

.6-5t 


Butyl Alcohol (Coml.) ^ 

7-3 

80i0 

Etlmr (50 % in petrol) • ’. 

3-9 

(-32*0) 

CarDon Djsulph. (50 %) * 

• 

5-15 t 

(9-0) 


Note.— T his sign (f) indica^ thiit pre-ignition occurred before audible detonation. 
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i fuel has, therefore, qo connectioa with tlle*speed at Which an 
engine may be run. * • ^ 

In fact, since a slow-bulning fuel is generally ^ot prone to de-^ 
tonatian,,it as much, more desirable than pne .which J;mms more 
rapidly. 

Lktent H&t. — The influence of the latent heat of evtporatioli 
of tlie’iuel is a ynportant fact^i*, bdt one wlficJi is usually 
ignored. Tfiis factor, coupled with the flieaij volatility, determines o 
the density of the charge taken into the cylindfir. It is, of course, 
clear ^at\he weight of chaise taken ink> the* cylinder will, in any* 
given case, be inversely proportional to its absolute temperature at 
the moment when the inlet valve closes. There is definite evidence 
from experimental results that, with the %xcepti^n of alcohol and 
the o'^her members of its ^roup, all fuels boiling below about 400^Fj 
are completely evaporated before the commencement of the com- 
pression stroke lay contact with the hot walls and ^ admlxturfe 
with the highly heated residual exhaust products in the cylinder ^ 
exc^pjing^nl^ a very small proportion which may enter the cylinder 
in coarse drops, and so not only escape evaporalion, but, even to a 
large extent, combustion also. This proportion is, howeyer,* quite^ 
insignificant, and has no influence, in so far as power output is 
concerned# 

ffhe absolute temperature at the commencement of the com- 
pression stroke is dependent upon (a) the ambunt of externaj heat- 
ing applied, and (6) the latent heat of evaporation. It is largely 
independent of the temperature of the mixture during its entry to 
the cylinder. In .fa^t, the final absolute temperature, and, there- 
fore, the weight of the charge taken into the cylinder, are (Jependent 
upon the quantity and latent heat of the fuel, and upon the amount 
of heat added to it, external to the cylinder. 

For example, a highly volatile fuel entering the cylinder at 
40° F., an^a fual (jf low-vapour tension entering at 80° F., will hotK 
have thi same final absolujbe temperature at the commencement of 
compression^ if, the latent heat of both is thb same, and if both 
receive the same amount of pre-heating. In the former case iflo^ 
of the evaporation has taken place .outside the* cylfcdet and the 
added haat has been absorbed by the fatent heat of evaporation ; fti 
tbe latter case, little or no evaporation has taken place outsfdp the 
cylinder, and the added heat has tlierefore raised the temperature* 
of the air and of the, still liquidf fuel. ^ In both cases contact and 
• admixture with the highly heated exhaust products yi the cylinder 
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will complete evaporaflon, a<ad in both the final t^emperature* 
will be the same, hence the weight of working flhid (which is inversely 
•proportional to ttej^bsolufe temperatiii^ at the end of the suction 
stroke), ai*i therefore Ijie power putput, will be the s^imS in both 
^c^es. ^ 

From^tl^ above considerations it will be*seeri 1 :hJt, with, any 
given amount* of pre-h^atii!^ (provided •it, is ijot e^Jcessive),^ the 
•\Qlmnetric. efficiency , g^d therefore the power .output, will increase 
witn the latent heaf of the fuel. Some calculations illustratii^ this 
^oint more fTilly will be fonnd in Chapi^r 11. • 

The above conclusions may be summed up as follow^ : — 

( 1 ) The power output is inversely proportional to the jj)sdute 
temperature of tlfe workitig fluid at the end of the suctiofi Stroke — 
^iifbe it is the temperature at this point which controls the weight 
of charge, and.therefore the volumetric efficiency. 

( 2 j Other things being equal, the final suctioif temperature is 
•controlled by the amount of external heating, on Ij^e one hand, and 
the latent heat of the fuel, on the other ; it<is ifearly ind^endent of 
^the temperature of the entering charge and of its volatility. * 

j FoV 84 ^ ^iveli fuel, therefore, the power output obtainable is 
controlled primarily by the amount of heat added to the working 
fluid before it enters the cylinder,. and, so far as power, output is 
concerned, it is imu\aterial whether the heat so added is devoted to 
raising^ t^e "temperature of the mixture or to evaporating the fuel 
at low temperature. Conversely, with any given amount of pre- 
heating, the power output obtainable is dependent uj\on the latent 
heat of evaporation qi the fuel. • > 

Apart^from the alcohol group, the variation in latent heat is not 
very large, and does not exercise any important influence. It is 
tnt^esting to n^te, however, that in cases where the total internal • 
energy is lower, the latem? heat is generally slightly higher ; con- 
sequently a slightly greater weight of charge , is, taken into the 
cylinder, sufficient in most cases to comp<^nsate for the lowepjinternal 
energy, and thus *brihg the actual power output to*8ubstantially the 
'Baifle in all cases. This point is well illustra'ked by’the instance of 
benzene, 85 -aflll be seen laten, or by reference to Table II. The 
ener^ liberated by the com\>ustion of a cubic incb (aWstandard 
temperalnire and preifsure) of’ benzene-air mixture is appreciably 
lower than that of the hydrocarbons forming the greater proportion 
of petrols. On the other l^and, ^he ladent heat of benzene is con- 
sideiftbly greater, and ats a result the power output obtainable undei> 



114 THfc: INTERNAL^t^l^MBUSTION ENGINE' 

Table II 


• f— 4- 

^Naille o^Fuel. ^ 

. 

Latent Heat of 
Evaporation, 
B.Th.U.fl pei^b. 

* 'iDtal Enei;gy 
liberated b^i • 
CombiiBiioi^ 

Ft. fb. per 
Btandard cub. in. 

• 

Relative Power, 
Output allowing for 
Ino|BAe in Density 
due w Evaporation. 

• Octaifet= 100. 

• • 


t 


• 

* Paraffin iSeries ^ 

• •. 

•* * 

• 

Hexane 

156 

* 48v33 

.100-2 • 

Heptane 4 

13.3 

• 48-64 • 

100-1 

OctCi^e . . ^ 

GO 

• 48-73 

. 100-0 

Nonane 


• 4^-7^f 

m 

Decane ... * 

* 108 

48-82 

• • 

• «9-4 

* Series 

< 

• A 


Benzene 

172 

47-54 

100-1 • 

Toluene. . . . 

• 151 

47-98 

100-0 • o 

Xylene 

115 

48-26 

100-6 

• 

Naphthene SSies 


• » 

• • C 

Cyclohexane ... * ... 

1.5G 

48-11 

100-0 

Hexahydrotoluent .f. 

t 138 

48-32 

99-8 

Hex«hydft«j4one 

133 

48-49 

99-8 

• 

»• ' 


similar conditions from benzene is the same as that from petrol to 
within lesa than one half of 1 pei cent. • 


Ihe following Table III gives the latent heitt of evaporation of 
a number of hydrocarbons and other substances enumerated tin the 
previous tables. The air-to-fuel ratio by weight, also the drop in 
temperature of the mixture due to evaporation of the liquid, are 
shown for each fuel. % The calculations are made for mixtures giving 
complete combustion, but without excess of air. , 

In the case of alcohol, owing to the very much higher latent 
heat and to the fact that the proportion of fuel to^ir is also nfliclf 
greater, the latent heat of evaporation pfays a supremely importan*^ 
part, and ^sults* ii\ a really marked increase in power as compared 
with other luels, althougli the total internal energy of unit mass of 
mixture is lower -than that of either petrol or benzoL Moreover, 
there is introdr^^ed a feature which is. not observed t(5 any marked 
extent with other fuels — namely, th^t the power increases 

very conaiderafely when an over-rich, mixture is used, because more 
fuel is then evaporated, the temperature of the charge is dowered, 
and the gain in weight of charge considerably more than outweighs 
the loss due to the greater spe#)ific Ifeat of^the products of combustion. 
• In fig. 2 are shown the actual measured volumetric efficieney &s 
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stable III 

9 


% 

• 

Name Fuel. * * * 

La^nt Heat of 
Evaporation, 
t B.Th.lJ.a per^lb. 

• .. ^ 

/|^r-to-fuel Ratio 
(by Weight) for 
just complete 
Combustion. 

» • ’ 

Fall in Temperature 
oi Mixture due to 
extent He4t of 
Evaporation, ® F. 


• % 


• 

^ ^ • 


Paraffii^ S^fies 



» ,» • 


Hexane 

,15G 

• 16-i 

• 37*8 


» ^Hefitane 

. . 133 

15-1 ’ ’ 

32-4 


Octane ... ’ !. 

128 

16-05’ 

29-0 


Nonane.*. • , 

• . . 

*1 15-0 



‘ Decane 

• • 

' 108 

li-O 

, 20-i 


Aromatic Series 



> 

> 


Benzene ... # ... 

^ 172* 

13-2- 

m 


Toluene '» 

151 

V‘4 

40*5 


• }fylene 

145 

13-6 

^ 38-7 ♦ 


• Naphthem Series 





Oyclohexane ...• 

156 

14-7 

38-7 


Hexahydrotoluene 

138 

14-7 , i 

34-2 


Hexahydroxyleiie 

133 



• 

» Olefine Series 





1 Hept^enB* <>■ 

167 (app.) 

14*7 

41*4 


Decylene 


14‘7 



Alcoholic Group , 

> ' 


> 

> 


Ethyl Alcol)^! ... 

397 

8-95 

148-8 


Methyi AJponol 

^ 512 

6*44 

2520 


Miscellaneous 





Ether 

158 1 

1M4 

49-5 


Carbon Disulph. .... 

153 

9-35 ’ 

55-8 


Acetylene 

Gas 

13-2 



Carbon Monox. 

Gas 

2-45 



Hydrogen 

Gas 

34-3 






) 


^ The last column is calculated on the assumption that the specific heat of the fuel vapour is 
constant for all at 0*5. > ^ 

found in the author’d fuel research engine when ueing petrol and 
alcoHol \inder precisely similar conditione as to temperature/ 
&c., and at^^eompression rat\p of 5 : 1. In both cases a careful 
•series'of measurements was made at mi^^ture strengths -?an^g from 
. 20 pej Cent weS-k to 25 per cent over-rich. 

• In the case of fuels whose volatility is very low, such as kerosene, 
butyl alcohol, &c., advantage cannot be, taken of the latent h^at of 
*^vap(jj;ation, because it then becomes necessary to add an excessive >> 




i6 THE INTERNALiiqpMBUSTIOH IlldfNE 

^ftinoiuit of li6&t before entry to the *ylind4r,*iii order to prevent 
condensation in the "induction sy^m. For 4ii8 reaqpn alone fJie 
power output obtainable frt)m kerosene Is actuaflj; some 15 per cent 
lowervthan ^rom petrol or other .volatile hydroearbons^at the same 
compression ratjo. • , * * • ♦ . • . 

y olatilfty?— The mean volatility o^ a fuel is of imjjprRlnce since 
this'determihes tl^e anjoimt of pre-hrfrfting’ required *to give reason- 
ably uniform distaibution. The amount of , pre-heating, govem^n 
its turn, the use whieii may be made of tlie latAit heat of the h quid 

fuel. In tingle-cylinder engines volatilify », between itide* limits, ot 

» * 



Fig. 2. — Observed Volumetric Efficiency on Petrol and Alcohol at different 
Mixture Strengths 


comparatively little consequence since *the exposed surface of the 
induction^ipe is ielativgly small, but as the number of cylinders is 
multiplied and the feng^i and surface of the induction system 
increased, ^ d|5bs the importance of volatility increase.^ A rough 
approximatiem* (it is ^no more) of thef relative volatilfty of differeni 
fuels can be obtained by measuring.J^he rise or*falI*^‘4«mperature 
in the iilSlictftn pipe of an engine, when a known weight of fual and 
air are passing into it and when th^ amount*of heat supplied io the 
carburettor can be recorded accurately. * 

The figures in the following Table JV give some clue as to the 
relative volatility of the different fuels — all Were tested under ^aaeWy 
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Table* IV 

« ^ 


J- ^ ^ 

Fuel. 

v:) 

• w - 

Rise or IJall of Temp.. 
* in Induction Pipo 
(indi^vtinp afjk 
Moan Volatility), 
float ti.') B.Th.It 
Min. • 0 

Dog. F. 

o • 

Fall in Toir^mturo 
t (oaloulatoifl of 

Mixture , 

duo to ^>aton*t Hci^ ' 
of Evajioratioif. 

1)1^. F. 

• 


• 

32*4 

Aromatic Free Petrol ... *... 

+ 18 

** “ A ” Pek’ol * .,. • ... 

+ 19-8 

36*0 

“B” A » ... .. ... 

+ 5-P 

a3V2 

“cr” „ .• 

+ 12-6 

33-3 

“D” „ .... 

+ 19-8 . 

33-0 

“E” „ ... • • ... 

+ 18-9 

32-8 

“f” 

+ 9*5 

32*8 

(i ^ J> 

^ Ct 

•t^ 32- f 

... i 

“H” ”, ... ' 

+ 2I”(> 

36-() 

*“!”* • ... 

+ 25-2 


^ Heavy Fneh ^ 

0 

• 


Heavy Aromatics 

+ 50-5 


^ Kerosene .• 

+ 56 

26' I 

•• • • 

• Paraffin Scries 



Pentane (Normal) 


37*8 

Hexane (80 % purv)... . ... t.. 

• 0 

37”^ 

Heptane (97 % pure) 

1-10 

• 

324 • 

• • 

^ Aromatic Sc lies 



Benzene (pure) * 

-1.31 

. 16-8 

Toluene (99 % ])ure) 

Xylene (91 % pure) 

+ 14-1 

40”5 

+ 32-1 , 

38-7 

N^hthene Senes 


• 

Cyclohexane (93 % pure) 

- 5-4 

38«7 

"*“1lexjfhyclrotolurne (SO %) 

} 5-4 

31-2 

Hexahydroxylene (60 %) 

t 21*3 

32-4 

« Olefines 

• 

• 

A 

t 

Cracked Spirit (53 % unsat.) 

• 

+ 19 • 

3f-5« 

AJfoJiolMjronp, dc. 

A 

^ • 

• 

* Ethyl Alcohol (98 %) * 

+ 2-7 

two 

* „ #e^oi. ^ 

» Alcohol (Wood Naphtha) ...* 

-3”6 

176-0 

-15”3 

i2.'324L 

Methylat5<i Spi^ 

^utyrAlcohol (Coml.) ^ 

•' -1*8 

I98-0* 

* +18 


Ether (50 % jn petrol) 

+ 1-8 

39-C 

Carbon Disulph. (50 %) 

• 

- 12-6 

• 

48'6 


TT^ 
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‘^the same conditions as* regards speed, temperature, freat input, &c. 
The temperature ftieasure^ in tlie induction pipe* and recorded in 
the table ar^; in each instance, those found when Ae mixture strength 
was tha^ giving complete combu^ion. 

The last boluinn gives the calcul^'ted drop in temperatujje a^^uming 
no‘heat input and that the whole of tie fuel were evaporated before 
entfy to the cylinder. ^ ' 

Final Boiling Point. — It is ejways desirable to^eep the ftnal 
boilmg point of any fuel as Iqw as possible, because the higher bailing 
fractions are liable to condense on the cylinder walls and.so to pasit 
down int6 the crankcase, where they foul the lubricating uil. 

As a general rule, so long as the final boiling point does not 
exceed say 400° F. ho serious trouble need be feared *on this score, 
ffor,^ if any fpel does condense on the walls, it will evaporate d!f in 
the crankcase, but in the case of kerosene^ and othen high boiling 
fuels condensai^ion on the cylinder walls and in th5 crankcase is one 
of the most serious difficulties with which designers of engines usingi 
these fupls have to contend. " ^ 

Starting. — The readiness of a fuel to start fronj cold depei^ds^ 
upon the proportion of low boiling-point fractions ,''pre<sehl in the 
fuel. * 

With nearly all commercial petrols the full vapour pressure at 
normal atmospheric temperature is only reached when at least 3 per 
cent of the volume of the vessel is occupied with liquid. 

In an actual engine, starting is req\ured ‘with a mimimum of 
about one - thirtieth of this, and even then the mixture strength 
would be about* nine times richer than the normal running mixture. 
It follows,- therefore, that unless a fuel has an abnormally Jiigh vapour^ 
tension it is necessary always to provide a very large excess for 
starting, e.g. by flooding or by the use of a special pilot jet, SSff 
as in the Zenith carburettor or by other means. 

Iii: the case of composite fuels such as petrol, the readiness io 
start depends rather upon the proportion of low boiling-point 
fractions pre?6nt in the fuel than upon the mean boiling point. In 
the case o't homogeneous fuels, even though of low boiling pomt, 
such as alcohol, starting from cold, may be qirite inip'^ssibte, and it 
is then^ necessary to add some other fuel which either has iteoli, of 
by its admixture imparts, a muc^ higher vapour “tension. < > Ether 
may be taken as an example of the former and benzene or benzol 
of the latter. 

Calorific Value. — The heat liberated by the combination^ oi the 
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. * » ■ * 
fuel and air is usually determined burning thef fuel in some form 

of« calorimeter. The heat vstlue so found includes the latent heat 

of the water formed, because in any form of calprime&r the tem- 

jgerature necftmrily falls below thS boiljng point of waiter, ^ince, 

however* if da quite out of the questjon in any internaf-combiistiDn 

engine to make use of the fateirtf heat of the; w^ter, it is customary 

to deduct from the total heat liberated that due to* the condensation 

of fhe water formed. The lieat value found after this deduction 

has Been made, is termed the lower calorific value of the fhel *and 

19 generally accepted as*tBe basis upon which to calculate the 

thermal emcienay oh an engine. In the case of internal- combustion 

engines using .volatile liquid fuels, such a value for the available 

heat«is not quite correct because, when a fuel is burnt in a bomb, 

or other calorimeter, some of the heat of cofnbustion is devoted to 

evaporating the remainder ^of the liquid fuel and is therefore 

absorbed. Now when used in an engine the whole of the liquid is 

?vaporated before combq,stion takes place, and,th^ he^t required for. 

its evaporation is supplied by the waste heat from the cyBle of by 

tbe*avaikble Iteat aiready present in the air. In either case it is 

supplied by heat other than the heat of combustion of the fuel. 

If, therefore, it be accepted ^as corrgct that the latent heat of 

evaporation of ther water formed should be deducted from the total 

heat of comljustion as determined by calorimetric measurement, 

because this heat cannot be utilized, then it is equally right and 

proper that the latent heat of evaporation of tlie liquicT fuel itself 

should be added to the observed calorimetric determination because 

i^s equivalent value in ’the heat of combustion can be and is used 

in any internal-combustion engine in which the fuel is evaporated 

Ja^re combustion starts, i.e. in any but Diesel engines ; strictly 

speaking, there should be added the latent heat at constant volume, 

which is less than that at constant pressure by an amount equ^l to 

the* work done on the atmosphere if the liquid ds evaporatid*when 

unenclosed. In the following Table V is given the heat combustion 

of^VWrtous fuels fti terms of B.Th.XJ.s per lb. and per gallo;[T, the first 

two coluQjois beijig th^ usually ^ccepted lower calorific value and 

tjie seco nd the revised value corrected to include the latgnlJb^at of 

evaporatioh* of the liquid fuel itseM. This latter corrected value is 

used tliroughout this velume for all determinations of thermal 

efficiency. * 

It cannot be too strongly emphasized that the heat value gf a 
volatile*1iquid fu*el bears no* relation whatever to -the power output 
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Table "V 

• 


c 1 

( 

n 

^ Fuel? 

f 

*e 

Calorific (lower) 
Value (exclusive of 
LarMinJ Hcat). c 

« • 

Calorific (lower) 
Valiib (including 
Lad^nt Heat fit 
Constant V/iluCie)^ 

Latent Hdlit 
of Evapora- 
tion of Fuel 
(at Constant 


• 



pressure ^ 

• ' 


RTh.U. 

B.Th.U. 

B.Th.U. 

atmospheric) 

B.Th.U. 

t 

per lb. 

« pc? 

Odilon. 

per lb. 

p«r 

gallon. 

per lb. 




r 

c 


r 


Aromatic Free Petrol r 

19,080 

137,000 

19.200 

136,200 

133-0 

“ A ” i'etrol 

18,450 

144,300 

18,580 

145,200 

142-0 

“B” ^ ... 

18,890 

136',60© 

1^,020 

137,500 

140-0 

“C” „ 

19,000 

138^100 

19,420 

137,000c 

135-0 

“D” „ 

18,770 

142,600 

18,8!)0 

1^3,500 

132-0 

„ ... • 

18,970. 

136,400 

134,71)0 

19,090 

137,100 

132-0 

F ” „ 

19,130 

19,2^) 

135,500 

134-0 

a 

“S- ” ' ;;; ;;; 

“ 1” .. 

18,790 

114,100 

18,920 

145,0(X) 

145-0^ 

c 

//ca^y/ Fnds 





c 

Heavy Aromatics .o. 

17,900 

158,500^ 

18,030 

159,600 

136-0 

u ' 

(App.) 

(App.) 



108-Q » 

Kerosene 

19,000 

151,400 

19,100 

l.K,200 


(App.) 

“(App.) 

c 

• 

• 

r > 

Paraffin Series 





0 

Pentane (Normal) 

19,600 

122,300 

19,740 

123,100 

154-0 

Hexane (80 % pure) 

19,250 

f31,900 

l?,d9,0. 

132,900 

156-0 

Heptane (97 % pure) 

19,300 

132,800 

c 

19,420 

131,100 

133-0 

Aromatic Series 






Benzene (pUre) 

17,302 

152,9!)0 

17*460 

154,2((D 

172-0 

Toluene (99 % pure) 

17,522 

152,500 

17,660 

153,(500 

151-0 

Xylene (91 % pwre) # 

17,800 

153,500 

17,930 

154,5(X) 

145-0 

Naphthene Series 




U 

0 

Cyclohexane (93 % pure) 

18,800 

147,800 

18,940 

149,000 

156-0 ° 

Hexahydrotoluene (80 %) 

18,760 

146,200 

18,890 

M7,200 

q38^9»-’'' 

Hexahydroxylene (60 %) 

18,770 

139,700 

18,890 

140,600 

133-0 


(App.) 

(App.) 




^ ^ Olefines ' , 





» 

Cracked Spirit (53 % unsat.) ... 

18,400 

139,400 

18,540 

140,200 

150-0 


(App.) 

(App.) ^ 



(App.) 

AKohol Grou]^, &c. 





# 

Ethyl Alcohol (98 %) 

11,480 

91,600 

11,840 

94,500 

406-0 

„ „ (95 vol. %) 

10,79^1 

88,000 

fl,13a 


' 442-0 

Metlf/Hlicflhol (Wood Naphtha) 

9,636 

79,900 

10,030 

83,300 

c ^ 

0 * 

^go-o ^ 
(App.) 
450-g 

Methylated Spirits 

10,200 

83,70(1 

10,580 

*’ 86,900 

(App.) 

146-0 

Butyl Alcohol (Coml.) 

Ether (50 % in petrol) 

16,700 

^12i’?00 

16,830 

122*500 

(App.) 

(Afp.) 


c 

So(A^p.) 

Carbon Disulgh. (50 %) , 

10,600 

105,400 

^10,730 

106,600 

14g-0 
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obtainable from that fuel. In the»case of gaseous fuels when the 

c^orific value is very Jow, the apparent relationship is due largely 
to the presence in ,the gas of a considerable proportion 9f inert 
diluents su^jI^ as nitrogen dr carbon*dioxide, in which ca^, of course, 
tbj pov^^r ^output is reduced ^because these diluents displace some 
of the available oxygen. » Ih.ihe'case of volatile liquid' fuel^, 

• however, the vapour contain^gno diluents at'’ all, and the power 
oul|)ut available is, therefoi^, entirely independent* of the calorific 
valu^ of the fuel. * » * • - 

• The heat value of a fuel ns, on the other hand, a direct measure 
of the qualitity .of fu^ required, the lower the heat value the greater 
being the quantity needed to do the same work.. 

Heat Value of Mixture.- It is upon the heat value of the 
mixture of fuel and air, in the proportion required to gtve con'plete' 
combustion, that the power output of an engine depends, and in this 
connection we find tliat all hydrocarbon fuels give willhin very close 
limits the same heat value per standard cubic inch- of correct mixture. 
When allowance is made for tlie increase or decrease ifr sp^ific" 
vohime aiter c^Tiibui^tion, the variation becomes even less. 

• The followiiVg Table VI gives 

Col. (1) The corrected calorihi; vajiie of various ])etrols and other fuels. 

Col. (2) The ratio Ct ai?/fuel by weight for complete combustion. 

Col. (3) The^increase or de^;roase in specifi# volume after cond)UHtion. 

Col. (4) The ft. -11). of energy liberated by the combustion of one standard 
* •cubic inch'of miicturc giving complete combustion, j.e. the total 
available internal energy. 

• The heat value of the correct ” mixture is*usually termed the 
^ total '' internal energy of the working fluid, and this term will in 
'f3itire»be used in order to distinguish it from the calorific value of 

the fuel, which latter has no influence on the power output. 

Thermal Efficiency obtainable from DifFerfent Fuels.— 
Provided that the fuel is reasonably volatile, tjie thermal effjpiency 
obtainable at any given compression ratio is substantially the same 
fqrtftl hydrocaAon fuels, irrespective of their cl\emicaf composition 
or of any other ^ctor. In the case of the alcohol group, however, a 
gonae^at higKer thermal efficiency is obtained becau se, in 

part to their higher latent heat, and in part to their lower flame 
tefrtperature, both the miean and Ihe maximum temperatures of the 
cycle are lovfer, and the losses are therefore somewhat less. The 
range of burning on the wak* side, •which, by controlling the flame 
teinpe?ature, wduld control also the efficiency, happens to be almost 
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Table tl 


If- 

'Fucl. 

n 

.(1) 

Calorific (lower) 
Valife (iticludin^ 
Latent Heat at • 
Constant Volume). 

• • 

• • • 

(2).* 
Air-to- 
Fuel 
Ratio by 
Weight 
for 

Complete 

Com- 

bustion. 

(3) 

Spe#. 

aflerCont 
bustior#’ 
— riiat be- 
fore Obm- 
bustion or 
“ Volume 
Ratio.” 

1 (4) • 

Total Energy 
liberated by 
Combustion 
ppr cub. in.* 
at n.t.p. ®f 
Mixture 
giving 
complete 
Combust^ 
foot-H). 

B.Th.U. 
per lb. 

• 

1 B.Th.U.^ 
per^all. 

Aromatic Free Petrol 

19,200 

• 

136,200 

16-05 

1-053 

48-5 4 

“A” Petrol * ... 

18,680 

145,20(f 

14-^ 

1-038 

, 48-15 

“B” 

19,020 

137,S00 

14-7* 

lf049 

48-45 

“ C r „ 

19,120 

137,000 

14-8 

1-052 

48-, 53 

‘*D” „ 

18,890 

143,5(10 

14-6 • 

1.(T47 

48-35 

, “E” „ 

19,090 

1.37,100 

14-9 

1.051 

48-61 

“E^’. „ ' « ... 

19,250 

135,500 

15-0 

1-053 

48-^ 

“G” „ 



• 


• 

“H” „ 

“ I ” „ 

18,920 

145,000 

14-7 

• 1-048 

48-31 

Heavy Fueh ^ 



« 


I 

Heavy AToinatics 

18,030 

159,600 

13-8 • 

1-04 

48-52 

Kerosene ... 

19,100 

155,200 

15-0 

c 

1-4)6 

^48-91. ■ 

Paraffin Series 


« 


1 0* 

f 

Pentane (Normal) 

19,740 

123,100 

15-25 

1-051 

48-7 

Hexane (80 % ])ure) 

19,390 

152,900 

15-2 ^ 

1-051 

48-35 

•Heptane (97 % pure) . 

19,420 

134,100 

15-1 

1-056 

48-64 

Aromatic Series 






Benzene (pure) 

17,460 

154,200 

13-^2 

1-013'- 

' 47-51 

Toluene (99 % pure) 

17,660 

153,600 

13-4 

1-023 

47-98 

Xylene (91 % pu/’e) ^ 

17,930 

154,500 

13-6 

1-03 

48-1 

Naphthene Series 




L 


Cyclohexane (93 % pure) 

18,940 

149,000 

14-7 

1-044 

48-11 

Hexahydrotoluene (80 %) 

18,890 

147,200 

14-7 

,1 :047 

4«-2 

Hexahydroxylene (60 %) 

18,890 

146,600 

14-8 " 

1-054 

48-59 

V Olefines • 






Cracktd fepirit (53 % ursat.)‘... 

18,540 

140,200 

14-8 

1-054 

49-54*^ 

AlcofioVdroup, <&c. 



(App.) 

L 


Ethyl Alcohol (98-5 %) 

11,840 

94,500 

8-9 

1-065 

47-39 ® 

„ „ (95 vol. %) ... 

11,130,. 

, 92,000 

a-4 

a^65 

- 46-86 

(Wood Naphtha) 

10,030 . 

83,300 

6-5 

1-06 

48-2 

‘ 




(App.), 

. (^0 

Methylated Spirit 

10,580, 

86,900 

8-0 

^•064 

43-82 




(App.) 


♦ « 

Butyl Alcohol (Coml.) 




..1^ 


Ether (50 % in petrol) 

16,830 

122,500 

13-0 

1-06 

49-2 

Carbon Disulph. (50 %) 

10,^30 

106,600 

r 

10-8 

_ 

0-98 
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exactly the same in the case all volatile liquid Juels yet examined 
\^th the exception of ether, arid, in all cases, the maximum thermal 
efficiency is obtained when the mixture is 15 per ce^t wfak. If 
^ny atten^p# be made to weaken* the fnixture beyond this .point, 
cqpibustiot\ becomes unduly slow and incomplete, and.Ahc efficieQ.cy 
falls away in consequence.i rhcorelically, of coui*se, th§ efficiency 
. should rise steadily as the mixture strength i^’ reduced and should 
folk)w an almost straight line law until at the point when the mixture 
is infinitely weak the’ efficiency should \>e equal to the air standard. 

practice the exten{ to« which the mixture can be wciikened with 
increase df efficiency^ depends to some small extent, in tlie case of a 
single-cylindef engine, upon the ;gosition of the sparking plug and the 
intensity of the spark, while in a multi-cylinder engine it depends 
to a. much larger extent upon the uniformity of distribution, ,lyit in 
both cases ii is ve^ry limited. 

It is perhaps rather remarkable that the maximum thermal 
•efficiency obtainable with two fuels so widely (hfEeicnt as hexane 
C6 Hi 4 and benzene C^Hg should be the same, but the explajwitiop lies ^ 
ln*the f^ct that whjle for CO2 the dissociation is great at high tem- 
peratures, yet ihe increase in ’specific heat is small. On the other 
hand, for HgO the dissociation is small but the increase in specific 
heat is great. Cusiou^ly enough, these" effects almost exactly ‘l)alance 
one another,^ so that the^ sum of the losses from each source is prac- 
tically the same. 

The foRowing Taf)le VTI gives : — 

Col. (1) The lower calorific value of the fuel correctej for the latent heat of 
, eva})oratioii. 

Col. (2) Th^ lowest fuel consumption in terms of Ihs. and pints })er T.TI.P. hour 
at a compression ratio of 5 : 1 . 

Col.* (3) The cexTe:.ponding thermal efficiency. 

The above figures relate to the thermal efficiency obtainable 
when all fuels are used at the ^ame compression ratio. # 

It has, however, been stated previously tliat th^ highest com- 
preiWiion ratio at which a fuel ma^ be used depends upon its tendency 
to detonate, and it has been shown that this varies widely. 

The follomng Table VIII shows the .fuel consumpt ion i n terms 
botTTof pints apd lbs. per I.H.P. liour when each fuel is use?*at its . 
highest useful compression ratio. ' 

It will be noted that in the case of kerosene and one or .two 
other examples which arq not very volatile, the observed thermal 
efficieilfcy is considerably lower, due to the faci; that a substantial 
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Table fll 

« 


^ue\: 

/alorific (lower) Value 
ficludingiLatent Hea t 
d Constant Volunie), 

• • 

• . (2) 
Minimum Con- 
sumption at Com- 
pression HafTo erf 
5:1 per I.H.P^ 
hour. *’ 

{3> * 

Thermal 
Efficiency 
^at t^om* 4* 
nressioA 
Ratio m 

6: 1 

per cent. 


• 

1 • 


® . 

T 

B.Th.U. 
per lb. 1 

i^.Th.U. i)er 
gallon. 

• 

lb. 

Pints, 

Arornattc Free Petrol ... 

19,2(X) 

736,200 

0-415* 

0-462* 

3l’9* 

“ A ” Petrol 

18,580 

145,290 

‘0-432 

0-442 

31-7 

“ B ” ,, ' ... 

19,020 

137,500 

(^-423 

0-468*> 

31-7 

“ 0 ” „ 

19,120 

137,000 

0421 

0-463 

31-6 

“D.” „ 

18,890. 

143,500 

0-422 

0-445 

31-9 

“E” 

19,090 

137,100 

0-45 1* 

0-469* 

31-7* 

“ F ” „ 

19,250 

135,500 

0-414 

0-471 

31-9 

„ ' ... 


0-426 

0-454 

• 

" H ” „ 

18,920 

145,000 

0-42q' 

0-Vl,5 

31-7 

“ I ” „ 



0-118 

0-460 


Heav^ rFuelc 





c 

Heavy ABQiuatie.s 

18,030 

1.59,000 

0-510 

0-461 

27-6 

KcrJsenc 

19,1(X) 

155,200 

0-523* 

p-515* 

25-4* . 

Paraffin Series 

Pentane (Normal) 

19,710 

123,1(X) 


f ® 

c 

Hexane (80 % pure) 

'19,390 

432,900 

0.411 

0-480 

32-0 

Heptane (97 % [uire) 

19,420 

134,100 

■o-nb* 

0-475* 

31-9* 

Aromatic Series 

Benzene (pure) 

I7,'l(i0 

154,2(X) 

0-458 

t 

0-41«. 

‘ 31-8 

Toluene (99 "% pure) 

Xylene (91 % pure) 

17,660 

153,6(K) 

0-455 

0-418 

31-7 

17,930 

154,500 

0-152 

0-420 

31-4 

Naphthene Series 
Cyclohexane (9‘3 % ])ure) 

18,910 

119,0(K) 

0-420 

0-427 

31-9 

Hexahydrotoluene (80 %) 

18,890 

147, 2(K) 

0-125 

0-430 


Hexahydroxylenc (60 %) 

18,890 

140,6(X) 

0-42h*‘ 

‘ 0-456* 

31-8* 

^ Olejinef, 






Crackdd Spirit (53 % uii^sat.)'... 

18,540 

A40,200 

0-429 

0-453 

32-0' 

Alcohol /i roup, dc. 

Ethyl Alcoli^l (98 %)ii 

11,810, 

c 

94,500 

0-663 

' 0-665 

3?T 0 

„ „ (95 vol. %) ... 

Methyl Alcohol (Wood Naphtha) 

11,130 

92,0(X) 

/)-705 ^ 

0-692 

, 32-5 

10,030* 

83,300 

0-777 ’ 

’71-750 

32-7 

pints 

10,580 ' 

86,900 

0-740 

0-721 


Butyl Alcohol (Coinl.) 

Ether (50 % in petrol) 

16,830 

122,5(X), 

0-566 

0-55(?'' 

../lb 

Carbon Disulph. (50 %) 

10,730 

106,600 


... 



* Xhis sign indicates that the values arc only calculated, since these fuels could not be tested 
at a compression ratio of p : 1 owing to detonation. Tli,e vaUies have been insertecT to show 
the efficiency and pc^wer obtained relatively to the other fuels if .used at the same corapresaion. 
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Table .VI 11 


1“ ^ ■ - 

> Fuel. 

.t-v, — i 

Minimum Consumption A.‘'iIiKhcs1f Useful 
, Compressi^on jk'p I.U.F. >Tour. 

• 

• * ^ 

• 

11). 

I'ints. • 

■ • 

V 

Aromatic Free Pqtrol ... j 

• • 

0-123 ^ 

h-ni 

’‘A ’’Petrol' • 

O-3-.t.t • 

0-402 

“•B” „ 

• 0-393 

()-t35 

“C” „ . ... , 

0-410 

0-451 

“D” ^ ...• 

0-407 

0-428 

“E” ..., ...* ... • 

0-135 

0-184 

“F” 

0112 

0-109 

“G” „ .» «. .... ... • ... 

0149* 

0-4 78* 

“•H- „ 

0-389 

0-405 

“.1" 

• 

(^457 

• 0-503^ 

• • • .I 

Jlc^vy Fu(ds 



Heavy Aromatics 

0-117 ' 

0-104 

Kerosene 

0-581 

0-571 

^ Paraffin Series 


• 

Pentaffh (J^ormul) ..T . . .y 



Hexane (80 %*})ur(0 

0-405 

0-473 

Heptane (97 % jmre) 

0-491 

0-568 

Aronffffic Series 



Benzene (pi^e) ... ' 

0-392 

0-355 

Toluene (99 % pute) 

0-.385 

0-354 

Xylenti {%\ % pure) * .... 

0-381 

0-354 

• 

Naphthene Series 



Cyclohexane (9 3% jiure) 

0-.3H5* 

0-392 

Hexahydriftoluene (80’%) 

0-.')9t 

•0-404 

Hexahydroxylene (60 %) 

0-129 

0-461 

* ^Olefines 



Cracked Spirit (53 % unsat.) 

0-105 , 

O 

• 

. 0-428 

• 

Alcohol Group, (tc. • 

* 

# 

# 

• 

Ethyl Alcohol (98 %) • 

0-.532 

. 0-533 

„ 495 vJl. %) 

^ Methyl Alcohol (Wood Naphtha) • 

0-565 

' ^ 0-555 . 

0-725 

* 0-700 

Methylated Soifits... • ^ ... 

0-625 

0-609 

Butyl Alcohol (Coml.) 

. 0-472 

^^)-459 

f^effer (^ % m petrol) j ... 



Carbon tfisulpl!. (50 %) , ... 



• 




proportion of the liquid fuel is deppsited on the walls of the induc- 
tion jilping and cylinder ijnd escapes combustion. This proportion * 
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could' be reduced by,*furtlier pre-h§atii^,'but all the tes^were carried 
out, for comparative purpefees, at exaitly th§ sanle heat input to 
the caVl^uretior. • 

By .additional pre-heating a slightly higher therm^ affif iency can 
be obtained, J^ut'the ‘power^output is.redifced and the t^dency Jo^ 
detpnate increased thereby. • • ° • • . 

The .Maximuili ‘Power Output.— The maximum power 
output obtainable frcAn any fuel depindi upon the internal energ}»l5f 
the worl^ing fluid and upon th<! latent he^it of evaporation of the liquid. 

The former varies very little, the latiei; considerably as between* 
different fuels — generally speaking as regards the trui^ hydrocarbon 
fuels .the variations in internal energy and latent heat just about 
balance, with the result that the maximurn power butput is the same 
lor For example, the total internal energy of benzene is al^put 
1*5 per cent less than that of hexane, on the other •hand* the lateift 
heat of benzene is considerably greater, and a greater weight of 
mixture is th«i;pfo^ retained in the cylinder, with the result that • 
^ undej identical tempefature and other conditions both give, at the 
same compression ratio, the same power output to within l^ss than* 
half of 1 per cent. • • ^ 

In the case of alcohol, although the total internal energy of the 
mixture* is appreciably lower, fet the Ihtent heg.t so much greater 
that a much denser charge is retained in the cylinder and the power 
output is some 5 per cent greater despite the lower internal energy. 

Table IX shows : . * • • 

Col. (1) The toti^l internal energy. 

Col. (2) The latent heat of evaporation. 

Col. (3) Tfhe observed indicated mean pressure (power oiitpuf) at a com- 
pression ratio of 5 : 1 . 

Col. (4) The observed indicated mean jireasure at tlie> hi^'hest useful coflf^ 
pression ratio. 

* % 

Fuels for Aircraft.^-For all coqimercial purposes other th^ 
aircraft, fuel k supplied by bulk, not weight,. and it is therefore the 
heat value ^er gallon and not per lb. which need be considered. •In 
the particular case of aircraft, however, the weight and not the bul^ 
of the fuel^ecomes the primary cofSsideration. Other things being ^ 
.equal,*^lierefore, the fuel with the highest calorific^ value* peF^b. 
will be the most efficient. From thfe point o^view alone, the pSrai&i 
series would appear the most desirable. Unfortunately, however, 
owing to their tendency to detonsybe, thfe members of this series cannot 
be used in a high cc^npression and therefeure ixy an effteient en^ne. 
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*ABLE IX 


— 1 

• • 

f . — ^ 

y 

Max. Ind. 


• 

■ * 

a ^ 

Total 
Energy 
liberated by 

Latent 
Heat of 
Evapora- 

Mean 
Efiective 
Pressure at 

^fax. Jpcf Mean 
KlT(‘ctive Pressure 

• • • 

(bnil^ustion 

tion of J^'uel 

Coin|i^8. 

Highest Useful 

^ ^ Fuel. * 

j)er cu^. in. 

(i#t Con- 

fsion Ratio 

Uompi-ession. 


()^ Mixture 

stjvnt Pres- 

of f): 1. 

* Heat (If) • 

• 

giVng 

.suro atMu»- 

Heat (If) 

B.Th.U. , 


o(^plote 

sphtnc)^ 

•B.Th.U. 

• Min. • 


Combu.stion 

B.Th.U. 

Mm. 

IbsjH'r sq. in. 


^ folt-lb. 

jM'r lb. 

ll^ P<1 Vh 1^. in 


• 

Aromatic Free Petrol 

48-5 

*1.33-0 

1.31-3* 

l«0-0 

“A” Petrol * 

48-15 

112-0 

131-2 

140-1 

“B” „• ... ... ...• 

48-45 

1 10-0 

131-5 

*1.37-5 

“C” „ 

48-53 

1.35-0 

1.31-0 

1.33-9 

“D” „ ^... ... ... 

48-35 

132-0 

.1.31-2 

1.31-9 

“E” „ ... V.. ..• 

4 8* 51 

132-0 

1.31-0* 

128-6 

“F” „ 

48-51 

1.34-0 

131-8 

132-7 

<< rf 

» tj ,, 


• 

131 -.3* 

• 127^* 

“H” •• ... • ... 

48-31 

1 15-0 

131-0 

1.39-5 

“I” 



1.31-7,* 

12.5-1 

Heavy Fuels 



• •• 


Heavy Aromatics 

48-52 

1.36-0 

’ 1.31-1 

112-5 

^erosene... 

48-91 

108-0 

1.30-7 

123-(T 

Series 

• 




Pentane (Normal) 

48-7 

L54-0 

131-3 

1.39-0 

Hexane (80 % pure) 

,48-35 

, 156-0 

1.32-3 

!;^3-l 

Heptane (97 % punr^ 

48-61 

1.33-0 

131-2* 

119-5 

Aroiufitic Series • 


* 



Benzen^ (pure) ... .;. 

47-51 

172-0 

1.31-6 

1 1G-.5 

Toluene (99 % pure) ... .V 

47-98 

151-0 

131-5 

. 147-0 

Xylene (91 % pure) 

48-1 

145-0 

131-5 

146-8 

Naphthene Series 



• 


Cyclohexane*(93 % pure) 

48-11 

156-0 

1.31-3 

• 139-0 

Hexahydrotoluene (80 %) 

48-2 

1.38-0 

1.31-0 

1.37-9 

JfeJexajiydroxylene (60 %) 

18-59 

133-0 

1.30-8* 

1.30-0 

Olefines 





Cracked Spirit (53 % unsat.) ... 

19-54 

1.50-0 , 

1.3t-6 ’ 

136-0 

• 

Alcohol Group, (&c. 


(Apf.) 

* 

• 

• 

Ethyl Alcohol (98 %) ... * ... 

47-39 

406-0 

1.37-8 , 

1.56-5 

„ (95*vol. %) ... 

46-86 

442-0 

142-0 

' ^ 161-2 

Methyl Alcohol (Wood Naphtha) 

48-2 

500-0 

944-8 

> 146-6 

• • • 

(Ajjp.) 

(App.) 



Methylated Spirits 

BuJykAlcohol (Co ml.) 

Etner (50 % in petrol) ... * . . . 

46-82 

450-0 

(App.) 

144v5 

155-5 

. 


138-0 

1 156-0 

49-2 

146-0 

136-0* 

125-0 

• 


(App.) 



Carbon Disulph. (50 %) 

.39-4 

» 

146-0 

124-5 

125-7* 


♦ This sign indical^s that the values are only calculated, since thpe fuels could not bo tested 
alL* compression ratio of 5 : I owing to detonation. The values have l^en inserted to show 
the efiSciency and power obtained relativejy the*bther/uel8 if used at the same compression. 
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If the compression were adjusted to ^lit the fuel, then the greatest 
distance could be flown on^}hat fuel isliich giyes the*highest valup 
for the ^rodhict thermal efficiency x heat valu« per lb., and it is 
interesting tp note*that o( all the fuels examined the#high^t figures 
are.: 

• Heat Value 
• Efflcicilty B.Th.U. 

f)cr cent, per lb. Product. 

(1) < 0-373 X.1 7, 930 = 6700^ 

(2) Cyclohexane .j. ... 0-3l9 x 18,940 = 6600* 

(3) Petrol (Hainj)le B) ... 0<J41 x 19,020 = 6000 

. * . 

Although xylene comes first on the list, it is not a pfacticable 
fuel on account of its high boiling point and low volatility, also it 
IS only efficient when used at a compression ratio so high (namely, 
abo\iik6-75 : 1) as to reifder the engine unduly heavy owing to4-he 
very high maximum pressures to be witlistbod. Oyclolfexane, one 
of the lighter nfembers of the naphthene series, would actually give 
the best possible ^results from every poii^t of view, but is not 
« obtainable in bulk, l^ie next on the list, viz. the* petrol sample (B), 
is a very light and highly volatile fuel which wiis pr^pareiby the 
Asiatic Petroleum Co. for, and used in, the cross- Atlahtic flight. • 

In ah'craft engines it is particularly desirable to use a very 
volatile fuel on account of distribution, and in ofder to be able to 
reduce to the minimum the amount of pre-heating reqipred, and so 
to make the maximum possible use of the latent heat of evaporation 
to increase Che power output. 

For present-day aircraft engines which have an average com- 
pression ratio of about 5*4 : 1 the fuel used should have a toluene , 
value of not less than +20, that is to say, it should contain not 
less than about 25 per cent of aromatics or thei^ equivalent in 
naphthenes, in order to eliminate detonation and so enable the engine 
to develop its fulh powej* at ground level, as is most necessary when 
starting heavily laden. •Since, however, detonation is largely *a 
function of pr^.ssure, once an aeroplane has* attained a reasonable 
altitude and is in air at a lower density, the tenderfCy to detofmtg 
will disappear and a fuel of lower toluene valuejnay be used.. From 
an ideali st^ -p oint of view,* therefose, it would seem desirable to 
. employ a fuel of high toluene value at or near ground level, anT to 
change over to a nearly pure paraffin petrol so soon as a sufficiwit 
altitude has been obtained. * 

the use of alcohol, or of •a fuel with high latent heat, or of 
one which has had its latent heat of evaporation augmented 'by the 
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introduction of water »in sqju^ioh with the fuelj a very substantiaf 
^4vantage may 'be gfiined, because, as^shown previoudly, the high 
latent heat^ will Jicrease the available power putpivi; vjrj^ con- 
^siderablyx-» most important consideration, especially in the .case of 
a^roplaftia when taking with Jieavy loads.' » 

Summary ’ 

The results of a lengthy investigation of mi; viinuujs vumuie 
liquid fuels carried out on behalf of tlie Asiatic retroleumUo. may 
^ be summarized as followi - 

O t * 

(1) It hasibeen proved" that the tendency of a fuel to detonate 
is the one outstanding hu-tor in determining its value for usp in a 
constant- volume internal-con d)ust ion engine, ('ompared with this, 
qic^t other considerations are of secondary imj)ortance> 

(2) Tliere aj^pears tb be little doubt as to the correctness of the 
view, now generally accepted, tliat detonation is largely dejiendent 
upon the normal rate qf burning of tlie fuel and js the lower the 

^rate of burning. * 

* (3) «In all ^ases it seems that a low rate oi ouriung is advanxageous. 
'No fuel has j^et been found whose rate of burning was too low to 
permit of maximum cfliciency being obtained in the liigliest speed 
engine yet tested.' • 

(4) Fuel^ capable pf standing very liigh compression will 
operate in a low compression engine, equally as effidently as tliose 
whose normal rate of burning is high - provided thivt there is a 
reasonable degree of turbulence in the combustion chamber. 

, (5) Apart from the limitations introduceef by detonation, the 

power output obtainable from all volatile liquid fuels, with the 
exce^)tion of the alcohol groifp, is the same at the same compression 
to within less than 2 per cent. Such variations as occur, within, 
this range, are due ratlier to variations in the lateiit heat of evapora- 
fion than to any other (hrcuuistance. 

(6) Owing to the high latent heat and low Lolling j)oint oralcohol 
^ild certain o^-her Lodies, the weight of charge per dyc^e is greater 
and a higher power putput is o^itained in consequence. * 

, JJ) The efficiency with which all volatile fuels, other than alcohol, 
&c., are* burnt js practically the same, at the same compressioA ratio, 
ifP^spective of rate oS burning, provided the compression is low 
enough to kvoid detonation under any circumstances. In the case 
of ^alcohol, the efficiency is slightly higher, on account of the lower 
flame tempera“ture. 
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(8) The useful ^inge of burning is, {to alh intents and purposes, 
the same for all volatile liqiHd fuels. 

(9) .fhe Vnavoidable losses due to the coipjbined influence of 

dissociation and .cilange of ‘ specific Jieat ht high tejaperatures are 
substantially »the same in all 'cases. , . 

,(10) AIJ the experimental result? jrfdicate that the performance 
of any combination* of hydrocarboifs as regards detonation, and 
therefore the poivctr ftutput and efficiency obtainable, -is the me^ 
performance of each of the domponents. The performance of any 
complex fuel such as petrol can therefor? be predicted, once the 
nature and proportion of its constituents are deterrpined* or con- 
versely, a fuel can lie prepared to give any required j)erformance, 
within the limits available. * * * 

* (VU The highest useiul compre,ssion ratio for, and therefore Ahe 
power output obtainable from, any petrol is governed by the relativ*e 
proportions of aromatics, naphthenes, and paraffins it contains— the 
smaller the pmportion of the latter the better from almost every 
^ point^of view. 

(12) lo judge of the quality of a fuel by its, specific gi^vity is* 
entirely misleading. If naphthene and ‘aromatic fractions are present 
in any large proportion (as is frequently the case), then a high 
specific gravity is a substantiaf advantage. , • , 

(13) Owing to the very ricL mixture deliyered normally by pilot 
jets, and the still further enrichment effected by flooding, only a 
relatively small proportion of highly volatile constituents appears to 
be required for starting. 

Table X (facing 30) and Table XI (facing p. 32) give a general ^ 
summary o^f the above investigations and test results Mich were * 
carried out on behalf of the Asiatic Petroleum Co. That the ai^thor * 
is permitted to publish them without reservation of ^y kind is due 
to the generosity and public spirit of this most enterprising company. 
The fdno\^nng particulars «f the single-^cylinder research engine and 
its accessories which formed the principal pi^ce of apparatus used 
for the rese^rc'h, may be of some interest « 

In figs. 3-6 are sliown drawings and photographs of the variable* 
compression engine referred to in Connection with* the preceding 

tests. ^ ^ 

€' ** * 

In the design of this engine thn followipg considerations 
taken into account : — 

(I) In view of the prolonged, and extensive nature of the tests, 
not oYily were durability and reliability, regarded n.s matters* of 
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primary importance, uui ever| enon waa maae trfensure mechanical 
consistency. 

(2) Every knowj expedient was adopted te) attain the J^ighest 
possible thenjial^ efficiency and ppwer cutput, andHx) ensure th^t all 
msses, wh^l^^her thermal or frictional, wcfl'e reduced *to l^ie absolute 
minimum, and niaintained as nearly constant as possible, ^under all 
conditions. 

\(3) The engine was desigj;ied to run wlien Acpiired at a piston 
speed in excess of that of existing engines. , 

(4) Means are provided .for varying tlie compression of the 
engine ov«r any range from»3-7 : 1 up to 8 : 1 while running at full 
power, and without disturbing any temperature, frictional, mechan- 
ical, or other condittons. * 

(5) The combustion chamber is so designed that .its general 

fofhi and ratio of*surface#to volume undergo the minimum of altera- 
tion when the compression is varied, and to this eiul a'^very long 
stroke is employed. ^ ^ 

(6) Special meai^-S are adopted to render the engine as little 
seneitive^to changes in the temperature of the lubricant as possible. 
Ball bearings*ane used wherevei^ possible, in order to reduce variation 
in friction with different oil temperatures, and the water jacketing 
round the barrel of^the cylinder is stagnant, and therefore cjuickly 
attains a constant temperature, indepi^ndent of the temperature of 
the supply. This ensures that the piston friction, which is depend- 
ent upon*#ie temperature #f the oil on the cylinder walls , reaches a 
minimum in the course of a few minutes, and thereafter remains 
constant. The importance of retaining as nearly ds possible the 
same general form of combustion chamber under all conditions of 

• compression cannot be overestimated. Very misleading results 
have iTeen obtaiiTtd when the compression ratio has been varied by 
fitting different pistons, some with concave, others with convex 
crawns. In one series of experiments with* different compret^iion 
ratios whi(;h the writer examined, and which were obviously carried 
out with the mq^t scrupulous care, the results were enfirely vitiated 
bdfcause the whole character amd efficiency of the combustion 
chamber*were cc^pletely changed, as between tne low compression 
?lnd the high, with the result that a certain optimum comprefcfeion 
ratjp^as clainTed to have been, found, after which any further 
increase in compression resulted in loss of power and efficiency. A 
careful scrutiny of the results showed that at or near the so-called 
optiifium compression ratio *the efficiency of the combustion chamber 
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wan at a maximum, and that at the higher compressions it fell away 
ver^ rapidly, and, indeed, became quite excerptionally inefficient^ 

In^the variable compression engine ^esignea for the purpose of 
thes6 tests, thevefficjency o^ the cofnbusti^n chamber undergoes very^- 
little change between the lowest < compression ratio and tne highest, 
with the' result thi^t the -efficiency' increases with increase of com- 
pression at a perfectly steady rate throughout the whole range. 

As will be seen from the sectioiu^l drawings, figS. 3 and 4, the 
compression ratio is varied by raising' or lowering the whole cylinder, 

together with the carburettor^ 
camshaft, and valve ^ear{fig.5); 
by this means the compression 
ratio can te ‘'varied over any 
range in the^ course of 9, few 
seconds, and- without disturb- 
ing any of the temperature con- 
ditions or any adjustments. * 
To measure and record the 
compression ratio kf use* a 
micrometer is provided as shown 
in lig. 6. This is arranged to 
operate electrical contacts, and 
controls a pilot lamp, which 
lights up immediately the de- 
sired compression is reached, so 
that the operator can adjust 
the micrometer screw at his 
iig. 5.— Section through 0yhnd«‘r Head Bhowing leisure to the Compression ratio 

A'alvo (!ear i • i r i • 

he requires before makpig any 
alteration, and can then see at a glance by the lighting up of the 
lamp that this Compression has been reached. 

^ Eol the ignition of the charge four sparking plugs are fitted 
equidistant round the circumference of the combustion chamber, 
each of which is connected to a Rcmy high-tensioii coil. The low- 
tension circuit of all the coils is operated by a single Eemy contact 
breaker driven directly from one end of the camshaft. The object 
of using this arrangement in preference to magnetos was twofold : 

(1) To ensure that the passage of the spark across all foht plugs 
should be absolutely synchronous. 

(2) To ensure that the intensity of the spark should be the same 
at all settings. 




35 


VOLATILE LIQUID|FUEL 

In practice, it was tound that the us^ of two* sparking plu^s on 
opposite sides of the "combustion space gave equally good results, 
and all tests were therefore run under these conditions. To iheasure 
accurately^ l^tb the pow^r and friction looses the ^engine is tlirect 
cqppled’tb a balanced swinging fii^ld electric (hTianiometer, one arm 
of which carries a dead weight* 6f 40 lb., which is slightly in excess 



ng. o. — I’hoto of upj>y I’art of Engine shoxving Micrometer for measuring Compression Ratio 

• • 

of the maximum torque of the ^ngine — a light open-scale spring 
balance is used to record the difference in* torque between the dpad 
weight and '*that^ developed by the engine — this arrangement permits 
of exceedingly accurate determinations, since a very small variation 
in torque corresponds with a wide range on the spring balance. The 
mean torque on the dynamometer aym is in the neighbourhood of 
35 lb., and the difference c^n be read off at a glance to within less 



36 THE INTERl^AL-COMBUSTIQN 'ENGINE 

. • * 

thau one-tenth of •a pound. The steadiness of the djuamometer is 
sucn that (the needle of the spring balance (^es not vibrate t)r 
oscillatfe through ^ range of more than d=(bl lb. 'Generill^ speaking, 
all reading^^ of torque tn^iy \)e taken a& beijig accural^ tb Within one- ^ 
third of 1 per cent, while the standard of accuracy oHhe a/erage^f 



Fig. 7. — Fuel-meb.8uriiig Device 

several readings is, of course, considerably higher. The load is con- 
trolled by varying the field excitation of the dynamomete?.* For this 
purpose, two rheostats are provided in the .field circuit, one of which 
gives coarse graduations, and the other, a continuous coil resistance, 
affords continuous range, and is used for fine adjustments. 

The fuel-measuring device consists of 'two vessels, each comprising 
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two conical-eiided chambers doimected |<ogether.at either end, by 
a, narrow throat, as shown in fig. 7. The upper chajnber I'hs a 
capacity of exactly one pint, and the lower of i pint. A gauge ghiss 
is fitted to ^ich vessel. Tlie rato of fall of liqpid iiiAhe glass is very 
raj)id when passing the narrov: tbroahs, so that its passage past the 
marks on the gauge glass .can 'be clocked jvith extreme . accuracy. 
Geared off one end of the cam^iaft is a revolution counter^ operated 
b^ means of a magnetic clutjfh, and so arranged that tlie counter is 
thrown into operation as the liquid in the gauge glass j)asses the 
first mark, and is thrdwn oui, and a brake applied to its s])indle as 
the liquid passes the second mark ; thus tlie actual number of 
revolutions during the consumption of either one pint or 1 piut of 
fuel is automaticalfy recorded. 

The carburettor is a standard Claudel-Hgbson airenfft type, but 
flirted with a fine 'adjustment needle valve controlling the jet, so that 
the mixture can be varied between close limits. An electrical heater 
is fitted in the carburettor air intake passage, and the exact amount 
of heat supplied can lie read off from instruments on tlie switchboard. 
A dieripcxnietei’ fitte^f in an insulated pocket, and ])roje(ding into the 
inlet valve poru, is provided to*record, very approximately, the tem- 
perature of the working fluid during its entry to the cylinder. From 
the known amount heat supplied, and from the measured differ- 
ence in the temperature, of the air before and after its entry to the 
carburettor, ft is possible to determine at least a relative measure of 
the meait volatility of theTuel used. The readings of the thermo- 
meter in the induction passage are, however, of relative value only. 
Owing to the variations in the temperature olf the thermometer 
pocket due fo the deposition of liquid fuel upon it, this tliermometer 
* behav^es as a wet bulb instrument, and even the relative values of its 
readings cannot be relied upon as between fuels of widely different 
latent heats of evaporation. 

, A general lay-out of the apparatus is shoVn in fig. 8. • , 

A small calibrated gas-hol ler is. also provided, from which the 
engine can draw its supply of air when running on a liquid fuel. 

The fall of the gas-ljolder controls an electrical contact mechanism 
which in turn o;Perates a magnetic counter on the observer’s desk ; 
this counter being inter-connected, electrically, with the revolution 
counter on the engine. By this means the air consumption per 
revolution can be measured with great accuracy. 
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DEtONATlON 


The phenomenon of ciefonation appears to be llio setting up in the 
cylinder of an explosion wave. This oeeuis when tlie ra])idity of 
combustion of tJiaf portion of the working fluid first ignited is such 
that, by its expansion, it compresses before it tlie unbwrnt portion 
beyond a certain rate. When the rate of temjierature rise due to 
compression by the burning portion of the (*harge (;xceeds that at 
• which it can get rid of its heat by conduction, coi)V(;(,*tijn, etc., by a 
certain margin, the remaining portion ignites s])ontaneously and 
nearly siipultajieousjy tliroughout its whole bulk, thus setting up an 
explosion wa^^e whidi strikes tlft' walls of the cylinder with a hammer- 
like blow and, reacting in its turn, compresses al'nvsh the ])ortion 
first ignited. Tliis Jipther raises the tem])erature of that poition, 
and with it the temperature of any isolated or partially insulated 
objects in its Vicinity, thus soon giving rise to ])re-ignition. It would 
appear, -^h^refore, pretty certain that detonation depends primarily 
upon the rate of burning of that portion of the charge first ignited, 
and it remains to discover what actually control^f this rate. 

It would seem that turbulence, while invaluable for other 
reasons, influences detonation but little one way or the other. In 
the case of combustion chambers designed to give very high tur- 
bulence, there is generally found a marked reduction in the tendency 
to^detonate, but in such case this may be generally ascribecj, not to 
the turbulence, but rather to the fact tliat in each instance the 
maximum distacice which the flame could travel from the sparking 
plug was exceptionally small. More recent tests which the author 
has carried out f)n engines with multiple valves in which turbulence 
could be varied by cutting out one or more inlet valves showed "that 
this imade no difference whatever as regards detonation. 

Until recently it was* always supposed that detonation was de- 
pendent upon the temperature of compression ; this appeared 
plausible enough at first sight, but •it most certainly did not fit in 
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witji the observed ^acts. ^or example, the difference in compression 
temperature between a compression ratio of 4 ; 1 and 6 : 1 is actually 
about 10° only, and this difference can easily b« more than counter- 
balanced by a change m the amount of ^re-heating of <^he charge, 
but practicfil experi'ence teaches tho^i while detonation say, a ' 
reasonably good petrol will not ,oc(^.ur even with •excessive pte- 
heating at a compression ratio of 4i: 1, it will inevitably occur far 
below 6 : 1 witlv)uthny pre-heating at.all,*and even with stone-c^ld 
cylinder jackets. In this connection ^^the curve, fig. 9, shows the 
approxir^iate compression temperature for a« range of compression 



Fig. 0. — Comproasioii Tomporaturo for “Correct” Petrol-air Mixture 


from 4 : 1 to 8 : 1, assuming (1) tlie same amount o^ pre-heating and 
the same latent ,heat ^iii every case ; (2) allowing for tlie varying 
proportion and temperature of the residual products at each com- 
pression ratio. , , 

Careful experiments appeared to show prett}!^ clearly that detona- 
tion had very little connection with' the temperature of compressioh, 
but was closely dependen-J; upon the compression pressure f and it 
was' therefore supposed that it was the pressure, rathe^^, than the 
temperature of the working fluid,’ which controls thb initial rate of 
burning, and therefore the tendency to ‘detonate. This seemed 
reasonable ; it fitted in nicely with 'the^ facts of the case, and did 
duty for a while as an explanation, until the chemists objected, on 
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the grounds t’’at the rate at \vhich combustion ^kes place u^der 
these conditions is generally influenced but little by relatively wnall 
difterencea of, pressure. Quite recently Tizard and Pye havcicarried 
^ out a carefu^ investigation into .^Jie phenomena of, detoinilion^ and 
while it js perhaps beyond the scope of this book to give their reason- 
ing in full, thei.' Gonclusions^may l)e suniniarised as follows ; 

^ (1) Detonation depends in^the first place, though not wholly, 

upon the rate of burning of that portion of the (?iarge first ignited — 
in this they confirm the usuafly a(‘(‘epte(l tlicory. 

(2) That the rate of burijing increases very rapidlv with slight 
increase ol temperature, and that whether it will ])rove suHici(‘ntly 
rapid to produce detonation or not depends upon the ratio between 
the rate of evolutiOii of heat by the burning ])()rti()n of the mixture, 
and the rate of heat loss. • 

«^(3) The change that the rate of burning of any ])oiiion of the 
mixture will become so high as to cause (h‘t(>nati()n jhpends, in so 
*far as practical engine conditions are concerned,, uburj.er ii])on tiu* 
temperature nor the pressure of com])ression, but' ratluT u])on th(‘ 
maximuni flame temfierature. 

(4) Dor d:\y, given mixture* strength, the maximum flame tiun- 
perature depends primarily upon the jiroportion of diliumt' or (oxhaust' 
products present — i*^ depends filso, of ('‘ourse, u])()n the compression 
temperature, but this varies very little over a wide ranges of com- 
pression ratie, while the variation in the ])roportion of residual 
exhaust products ovei^the same range, exerts a much gn'atei influence 
-in diluting the charge, and so lowering the temperature of the flame. 
Thus, a difference of 1 per cent by weight of c^liaust diluent will 
raise or lower the flame temperature by roughly aliout 40'^ V.. eqiii- 
^ valent to a range of compression ratio from 4 to 5 : 1 . 

(5f If the flaiiie temperature be reduced by weakening the mixture 
strength, a very much higher compression could at once be used. In 
practice, with the exception of hydrogen,* it is not possibjp so to 
weaken the mixture as fp effect any appreciable reduction in flame 
temperature, bei^ause within the narrow range available, weakening 
the mixture with air results nfierely in reducing the amount of 
dissociation without affecting appreciably thq flame temperature. 
Fig. 10 sl\ows the observed variation in compression ratio peitnis- 
sible over a wtde range of mixture strength. In this experiment 
the engine was run with wide-open throttle at constant speed and 
constant temperature, and th^ compression ratio adjusted at each 
mixkire strength until deto;iation ji®t became apparent. 
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^Both*with hy^og^n i^s a weak* homogeneous chj^rge, and with 
petrol in a ^teatified charge, it was found possible to operate with a 
compression ratio of about 7-0:1 with a mea<i mixture strength 
50 per cen^ weak ‘in either case, and thalf without tjie je^t trace of ^ 
detonation.t Fig. 1 Tsliows U similar tpst with hydrogen, bi*t ^th the 
mixture strength much further reS.u^^, ^as is possibles only with this 
fuel. On the othei^ hand, with hyckogen, the range of burning on^ 
the rich side c^uld* not be explored beca\ise, so soont as any excess 



Fig. 10. — Coraprossion Ratio at which Detonation Ix'comos apparent with varying Mixture * 
Strength using Aromatic Free Petrol, and with all other Conditions constant 

of hydrogen was admitted, back-firing occurred through the inlet 
valves. 

It vjll be seen that, in the case of a normal homogeneous mixture, 
the' tendency to detonate depends, iji effeef, upon the compressioh 
pressure, not*, as was supposed, because the ptessiu'e exerts a con- 
trolling influence, but rather because, in any actual engine, the com- 
pression pressure is, in itself, a measure of the proportion *of inert 
exhSiust gas left behind in the cylinder. It differs in pi;^ctice only 
when, either by the use of hydrogen, by stratifying the charge^ or by 
the introduction of inert diluents, a weak mean mixture strength can 
be used. Tizard’s theory has been further confirmed by other tests : 
(a) In which the residual ibxhaust products have been cleared 
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away by scavenging with air, wfien it wa^^loflnd that detonation at# 
once became severe, ev^en with very low compression pressures. 

(b) In which additional exhaust products \vere added^ by ^vay of 
the carburettor, when the ^olnpre8sion could be raMod to almost any 
"degree upon the qijantity admitted.* Fig. F^sliows the 

variation in compression ratio permissible when, to a petrol detonat- 
ing normally at a compression Batio of 4*85 : 1, v^arying quantities of 
additional exhaust produl;ts were added and tiio compression ad- 
justed in each case until detonation j\ist became a])})arent„ The 
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K 11. — Comproasion Ratio at which Detonation becomow apparent with varying Mixture 

Strength, Full line. Hydrogen. DotU'd line, Aromatic Frt'c Petrol, also two Points 
obtained with Aromatic Free Petrol when ^\orklng with a stratified, (.'hargo (.\) 


effectiveness of such inert gases appears to lie closely proportional to 
their specific heats, that is, to their direct influence upon the flame 
temperature. , • 

Influence of the Nature of the Fuel upon Detonation. 

— Broadly speaking, it* would appear both from actual engine tests 
and from Wizard’s researches, th^d. two factors determine whether 
or not a fuel will detonate : 

(1) The self-ignition temperature of the fuel/air mixture. 

(2) The rate of acceleration gf burning as the ignition temperature 

is exceeded. « 
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^ Both the tru^ self-ig^tion temperature, if inde^ such a term 
can be used, and the rate of acceleration of burning appear to depend 
primarily upon the chemical composition of the fuel. , 


Befereuce has becntmade to tJie sell-ignition l^n^erature of a^ 
fuel/air mi;.:ture. Strictly '‘speaking ther^ is no such thii^, for any 
fuel/air ijiixture will actually con)biile jin time at ahnost any tfei- 
pefatur^. In the case of liydrocarlx)n fuels the rate of combination^ 

-- o ‘ ^ . O 
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Curves showing Fuel Consumption and I.M.E.P. with cooled Exhaust Gas added^ 


i * 

is multiplied about three times for every 3 per‘^cen't> increase in tem- 
perature, so that, in practice, there is a comparatively narrow range 
of temperature over whicl\ the raM of burning is re^feonable. In this 
conViection the case of carbon disulphide is particularly iftteresting — 
this fuel has an exceedingly low*ignition temperature, so low that 
when used neat in an engine it will pre-ignfte at once even at a com- 
pression ratio of 3-6 : 1 ,yet, when mixed v{ith petrol, carbon disulphide 
is quite effective in preventing detonation and will allow of th^ use 
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of a higher corrijpression &tio than is nornilp^ry possible with petrjil. 
On investigation it has* been found that, in the particulp case of 
carbon disulphide, thfe rate of acceleration of burning is very «nuch 
slower and tnat it trebles its rate* for every 7 per 6(\nt rise in tein- 
per^ture as* against about every ^ pgr cent tor alf hydrocarbon fuels. 

Range of burning. — So long^isa fuel contains no free hydrogob, 
the available range of burmng differs but little between the ctilh'rent 
volatile liquid ‘fuels and is, compared with illuintnating or other 
gaseous fuels, very narrow indeed. It is clear that so f^r as 
efficiency is concerned, it is^ only the range of burning on the weak 
side that ifted be taken into ‘'consideration ; the range of burning on 
the rich side, that is up to the point at which the mixture fails, to 
ignite owing to over-richness, is of comparatively little practi(‘al 
interest. It has already been shown that aiyr rangi^ oir the wi‘ak 
sid^is of the utmost impoitance, for so long as the fuel will burn 
completely, the weaker the mixture, the lower the flame, temperature, 
tind therefore the higher the efficiency. If combiht^ 7 U*'vere com- 
plete the flame temgeratrire would diminish very m^irly in pro- 
portion to tlie •mixture strength. Unfortunately, incomplete and 
delayed comGuStion* become apparent so soon as the mixture 
strength is reduced by more than abopt 15 per cent b(‘low that 
giving complete comkkstion; from 12 per cent to 18 jier cent weak, 
the loss by delayed and incomplete cembustion and the gain due 
to the lower flame temperature, just about balance ea(‘h other, 
while beyb^d about 18 per cent weak the net efficiency llegins to 
fall away rapidly, and the rate of burning becomes so slow that it 
c^)ntinues throughout the exliaust stroke and s5 ignites the fresh 
charge on its entry to the cylinder, causing the familiar back-fire 
into the induction system. This can, however, be obviated U) a 
limited extent by* advancing the time of ignition, and the range on 
the weak side can be extended slightly in consequence, but the 
angle of ignition advance required, efficiefltly to burn a mixture 
only 20 per cent weak, is so excessive as, in practice, to be almost 
impracticable. In fig. 13 is shown a typical curve showing the 
relation ^between thermal efficiency, mean pressure and mixture 
strength with fixM ignition timing. The mixture strength is plotted 
in terms of* percentage excess of fuel or air. In fig. 14 is showff a 
similar curve, but with the ignitioli advanced a further 30° between 
10 per cent and 20 per cent weak ; in both cases the mean pressure 
and efficiency were obtained by direct measurement, and represent 
the mean of a large numben of tests An various fuels. The point at 
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Mixture Strcmqth. 

Fig. 13, — Indicated Moan Prossuro and Tliormai Efficiency at different Mj.turo Strengths 
with fixed Ignition Timing. Fuel, Fcti'ol 
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Mixture Strength ^ “ 

Fig. 14.— Indicated Mean Pressure and Thermal Efficiency at different Mixture Strengths 
with Ignition Timing adjusted for each Change in Mixture Strength. Fuel, Petrol 


the mixture is over rich and to the left it is weak. In fig. 15 is shown 
a similar curve taken with alcohol. It 'Will be observed that while, 



DETONATION 


47 


in each case, Hhe M.E^P. increases as Ithb mixture is^ enriched 
beyond the point of complete combustion, it is only in'vlie cose of 
alcohol thjit* there ^ is any increase beyond 20 per r'hnt '^excess 
of fuel. 'fii* increase in ^ mean •pressure \v^11> excess fuel depends 
upon the inter-relation of a numb(ir of factors ; on the one hand are 
the increase in specific volume* and tlve incrj'ase in v,;)luinelric 
•efficiency due to the latent heat of the fuel, botji of which, tend to 
increase the p6wer output witji furtlier jncrease of ’mixture strength. 
Against these must be offset, the higher specific heat of tht pro- 
ducts of combustion, wheij tke fuel is only paitially burnt.. In the 
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Miy.TURE Strength, > 

Fig. 1.1.— Indioatod Moan ProsHuro and Thermal Efficionoy at diffonmt Mixtun' Stnmgths 
with Ignition Timing adjusted for oacli Changi' m Mixture Strength, luel, Aleohol 

• ^ 

case of petrol and benzol the increase is small, because the latent 
heat is low and the several factors more or less bal^ince one another. 
TJbe latent heat of benzol is higher than petrol, and*moreo\er rr.ore 
use can be made of ^t, becaiiso the fuel is homogeneous, but, on the 
other hand, the* change in specific volume is smjaller. In the case 
of alcohol, the latent ffieat is very much higher and the change in 
specific volume* also is greater,, consequently with this fuel the 
mean pre^Sure^increases as the mixture is enriched to a far greater 
extent than with either of the other two. 

The range of burning on the weak side is substantially the same 
in all three cases and indeed in the case of all known volatile liquid 
fuels. 
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Jt will^ be observed tAat the efficiency is at a rriaximum when 
the excess ipf air is between 10 and 1 8 per cent ; with an excess* of 
20 per cent the process of combustion pecomes so sfow that the 
running of < the enginecisHinstable, abd both misfiring a»d**back-firing 
through the inlet valve are liaUe to occur. The tests on wh^ph 
these resiults are Ijmsed .were alh carried out on *^single-cylinder 
engines, r In the case of a multi -by lind^er engine, however well^ 
designed the distribution syjjtem may J)e, it is practically impossible 
to maintain the mixture strength to all cylinders miiform to within 
closer limits than about 10 to 20 percent. If the mean strength 
supplied by the carburettor is, say, 15 pk cent weak, it follows that 
one .or more cylinders will receive mixture as much as 20 to 25 per 
cent weak which will result in misfiring and hack-firing, through 
the carburettor. To ajlow therefore for inequalities in distribuj^ion, 
it is necessary, in practice, even in the very best examples to suppl^a 
mixture containing not more than about 10 per cent excess of air. 
With such d nikture the supply to some cylinders will be about ' 
that giving complete combustion to others about 20 per cent weak, 
and the maximum efiiciency obtainable will be about 1*5 per cent 
lower than could be obtained from a single-cylinder ** engine. It 
will be seen, therefore, that, in order to legislate for the weakest 
cylinder and prevent ba(*k-firing, one or mc?e of the remainder 
must receive a mixture which is too ricJi ior maximum economy, 
and the indicated thermal efficiency of a i;nulti-cyiinder engine 
will, on this account, always be lower than that of a singfe'cylinder. 
Further, the greater the number of cylinders fed from any one 
source of supply, the lower the efficiency. 

To sum up, (1) the available range of mixture strength on the 
weak side, with all volatile hydrocarbon fuels, is very narrow, far 
narrower than with most of the gaseous fuels. 

(2) Owing to ‘the wUarrow range of available mixture strength 
and^ to vthe inevitable inequalities in distribution, multi-cylinder 
engines cannot run with the most ♦economical mixture strength, 
hence their fuel consumption per H.P. hour must alVays be slightly 
higher than that of a single cylinder — how much higher, 4epends 
upon the number of cylinders supplied by any bne carburettor 
and, of course, on the efficiency of The distribution system.* 

(3) With all fuels, slightly mbre power is developed with an 
ovei:-rich mixture as compared with the niixture giving complete 
combustion ; with alcoliol the increase in •power is yery marked, and 
amounts to nearly 10 per cent with very 'rich mixtures. 
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(4) In the oase of smgle-cylinder engiies running oiy petrol 'or 
benzol, maximum economy is obtained at about 92-94 per cent of 
full power; fin the^case o| multi-cylinder* engines, for the ^^^asons 
given abov^,#thd maximum ecoifomy ou tile same fuel^'is slightly 
lower, bnfis obtained at aboiJl;*9G4o 97 per cent of full power. 

*The Temperatures of the Cycle.•-J^^om the data qnd 
information now available, it is possible to deduqp with a fair degree 
of 'accuracy, the temperature^ changes ^throughout the cycle when 
liquid hydrocarbon fuels are used. 

The first temperature whi^h has to be determined is tlurt; at the 
end of th^ suction stroke, for from this all the other cycle tempera- 
tures can be obtained. It is also of direct importance as determining 
the volumetric efficiency of the engine. 

The temperature at this point is influencerl by the fihal exhaust 
teii^tperature, owing to tlie, admixture of the fresh charge with the 
residual exhaust products in the clearance space. It tlM^refore should 
‘strictly be evaluated by a “ hit-and-miss ” type Of-Vahailation, by 
which a residual exljaust* temperature is assunicd, and the cycle 
temperatures worked out on thaj} assumption. The assumed exhaust 
temperature is dien modified till it agrees with that which is obtained 
by calculating round the cycle. 

Fortunately, howe¥er, it requires a large change in exhaust tem- 
perature appreciably to alter the suctlomtemperaturc, so that the 
assumed and calculated temperatures need not check very closely. 

It is, iA^he autlior’s opinion, always preferable to take a concrete 
example ; we will tlierefore consider the case of a cylinder with a 
swept volume of 80 cub. in. running at 2000 Il.f .M. Let the com- 
pression ratio be 5 : 1, making the total cylinder volume 100 cul). in., 
and' let the following conditions be assumed 

Mean jacket t(*ni[)orature ^ 140° F. 

Heat input to cliarge external to cylinder (Uy ^ 

• • carburettor heating, &c.) 0*05 B.Th.U. per eyelid. 

, Absolute pressure in cyfinder av end Uf suction 

stroke .* 14;^ lb. /in. 

Absolute pressure in cylinder at end of exhaust 

stroke .« ? ... ^ ... 14-7 ,, 

Mean temperature of outside air ...^ 60° F. • 

• 

These are conditions which may be taken to represent average 
practice. 

The fuel is assumed to be an avej’age high-class petrol of com- 
position say 50 per cent pa'faflins, 35 per cent naphthenes, and 15 

.^■-^•VOL.U. * 85 
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per‘ cent Sromaties, while the case of ethyl alcohol and benzene 
(benzol) ark also dealt with. • * 


Thd' relevant properties of these fuels g,re : 
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Fuel. 

Change in Sp. Vol 
, after C'oiiihustion 
(Collect Mixtures) 

( 'onipU'te ( 'oin- 
hustion Mixtiiri'^ 
(by Weight). 

tlnt'i'gy liberated 
pci Standard cub. 
in of Mixture ft. lb. 
CXI lusive of enajag’i' 
ot Specilie Volume. 

01 r 





[)er c(‘nt. 



Petrol 

+ 5-0 

‘1 1-3/1 

46-2 

Benzene 

+ 1-3 

13-2/1 

40-9 

Alcohol 

+ 0-5 

8-95/1 

" - *44-5 


Consider first the conditions when running on petrol, starting 
with the coinmenceinent of the suction stroke. The cylinder then 
contains 20 cub. in. of hot exhaust products at ^atmospheric; pressure, 
These will be at a temperature of about 2100"^ F. absolvite, as will 
be shown latex. It is desirable in order to arrive at their heal 
capacity relative to that of the entering charge to reduce them tc 
terms of normal temperature and pressure. The volume of the 
residual exhaust products under these conditions will therefore be 


20 -4-C)8 (;ub. in. 

rTh^ incoming charge consists of air at a temperature of aboui 
60° F. and p small proportion -oi fui?l, entirely or partly vaporized 
The air/fuel ratio for complete conibustion will, in the case of petrol 
be 14-3/1. The latent heat of evaporation e^f 1 lb. of petrol is 13^ 
B.Th.U.s. This is supplied by l4-3 lb. of air of \t^hich the specific 
heat at constant pressure is 0-23‘J ; the drop in temperature of thh 


air will be 


135 

14-3 X 0-237 


= 40° F. 


For the mass of air in question 1° F. change in temperature h 
produced by -00067 B.Th.U., so that the latent heat of evaporatior 
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will take up 40 x -00007 --00268 B.Th.U. From the cyUnder walls 
at#a temperature of about 140° F., and from the still hotter valve 
and piston surfaces, &c., the charge picks Up about 0-0005 B.Th.U. 
per cub. in., or in this case 0-04 B.Th.U. per cycle. Tlte net gain 
of sensible heat to the charge is 0-C4 ^ 005 -0 02()8 O0()32 B.Th.U. 
per cycle, which will raise the temperature by fibcat 95° F. to 155° F., 
4 issuming that all the fue^ is completely evaporr.te<l. If the direct 
heating does not complete evaporation, mixture with the liot residual 
gases will certainly do so unless the mechanical pulverization of the 
fuel in the carburettor is very*inadequate. It follows therefore that 
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Fig. IG. — Obscj'wil Vuluiuotnc FfHdcncy with diffrrent Mixture StitMigthn at a Compix^sHion 
Katie of 5 0 : 1. Fuel, Petrol 


the final suction temperature will be the same at whatever stage the 
latent heat of evaporation is extracted, provuied only that evapora- 
tion is complete before compression starts. 

We now have 80 cub. in. of fiesh charge at 155° F. or C14° F. abs. 
and 14-0 Ib./in. afisolute pressure. . Reduced to N.T.P. this becomes 


80 X 


14-0. 

14-7 


491 

^ nTT cub. in. 

614 


TliL^ gives ^ volumetric efficiency ^of 


60-9 

80 


= 76-2 per ?ent, a figure whicli agrees very closely with that 


foimd in, for example, the author’s single-cylinder research engine 
under ^ similar temperature condition^ as shown in fig. 16, which 
indicates the observed volumetric efficiency at different mixture 

• * # o 
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I .1. ^ 

strengths When rhnning with the heat input to the carburettor 
specified above, and at a piston speed of 2000 ft. per minute. o 

The volume of the rf.^dual exhaust gases at N.T.P. was shown 
to be 4-68 cab. iii., so that the total standard volume ‘of the' combined 
mixture = 60*9 + 4-08 = 65-58 cub. in. 'fAs this actuall)^ fills' a* voluipe 
of 100 cub. in. at a'prfesifre of 14-'0 Ib./ln. its temperature must be 

X 491 =717° F. q,bsolute or 258'^ F. 

This figure may be taken as the ‘final suction temperature to 
within about ±10"^ F. in the case considqiy^d. The chief possibilities 
of error lie in 

(1) The temperature of the exhaust products^ Owing, however, 
to the fact tj:iat as their temperature increases their ‘mass correspond- 
ingly decreases, a large error here has but little inrluence or] the 
suction temperature. 

(2) The ,h^at picked up from the cylinder walls, &c. This is 
certainly rather a doubtful figure, but the author has arrived at it ' 
by running an engine with varying jacket* temperatures, and adding 
known quantities of heat by means of an electrical r6sista•ll^ e in the 
induction pipe xmtil the volumetric efficiency, and therefore the 
suction temperature, was constant. ,By measuring the difference in 
external heat necessary to do this with varying jacket temperatures, 
it was possible to estimate tfie total amount of heat taken up from 
this source. 

(3) In most cases the amount of pre-heating of the chlirge before 
its entry to the cylinder is very uncertain, since in practice the heat 
is generally supplied either from the exhaust or from the circulating 
water. For experimental work the author prefers to supply this 
heat electrically so that it can readily and accurately be measured. 

If benzene be used instead of petrol, we find that, owing both to 
its higher latent heat' and to the greater proportion of fuel needed to 
coinbine with the air, the final suction temperature is lower, namely, 
about 235°'"’ F., while the voltimetric eificienry is correspondingly 
higher, about 78-5*per cent. The residual exhaust temperature may 
be taken, as with petrol, as 2100"^ absolute? 

cin the third case, that^^of ethyl alcohol, the extremely high latent 
heat and the large proportion of Juel in the mixture produce much 
greater cooling effect, with the result that, arguing on the above 
premises, the final suction temperature, even after admixture with 
the residual exhaust products,^ will only be 67° F. ; the corresponding 
volumetric efficiency should therefore be 104-3 per cent. 
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At such cemperature, however, tod (n the sliort tim« available, 
tl^ alcohol would not be evaporated completely by tho eiid of the 
suction stroke, so that such a calculation is not applicable *111 this 
instance. 'E^criment has shown that the minimum temperature 
at whioh' evaporation is completed before compression, is in the 
neighbourhood of 150"^ F., and it^will be well to consider the casein 
.which sufficient pre-heating is Supplied to effect this. In this case 
the volumetric efficiency works out at per cent, and 37 per cent 
of the fuel remains to be evaporated by means of additional ekternal 
heating to the extent of *37 >^0-143 =-053 B.Th.U. per cycle. 

In practice it is found that the volumetric efficiency on alcohol is 
considerably lower, namely, 82-83 per cent as compared with 76 per 
cent in the case ot* petrol. This shows that under normal working 
conditions only a comparatively small proportion of the alcohol is 
actually evaporated by the end of the suction stroke. It is mainly 
for this reason that efficient pulverization, whiib ^,ccelcrates the 
* transfer of heat from the air to the fuel particles, »L so paiticnilarly 
desirable when usings alcohol. 

The above* conclusions ma^ be summarized as follows. Under 
the conditions quoted above— and they may be taken as average 
working conditions, except perhaps in '♦^he case of alcohol the final 
suction temperature 4^nd the volumetric efficiency will be : 


• 

Fuel. 

Suction 

1'eniperaturo. 

Voluructnc 

Ffticiency. 



•^)er cent. 

Petrol 

258 

70-2 

•Benzene 

235 

78-5 

Aleohol 

150 

90-0 


With a 20 per cent weak mixture the figures become : 


• 

Fuel. 

Suction 

Temperature. 

Volumetric 

Efficiency. 


• 


•Petrol 

263 

75*5 

Ben^ne 

242 

77-6 

Alcohol , 

150 

89*6 


fn the case of alcohol extra heat lo the amount of 0-033 B.Th.U. 
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pe^ cycle to^be supplied, and 0*029 fe.Th.U. with the weak 
mixture, if evaporation is to be complete. 

It Should be noted that the volume^ic efficiency 'refers to the 
volufne of ^ir and fuel vapcvir, not air alone. 

Compression Temperature.- during the compression stroke 
the. fuel Und air ar^ cOmjjressed nearly ndiabatically to one-fifth of 
their original volume. At the commencement of compression the^ 
mixture, in the'case of petrel or benzene, is slightly below the mean 
surface temperature of the cylinder,* so at first they will absorb 
heat, bfit will lose heat later in the® st joke* For these fuels the 
mean value of the exponent during compression for such *hn engine 
running at 2000 R-.P.M. may be taken as T3o. With alcohol the 
conditions are not quite the same, for • 

(1) The*^ final suef^ion temperature is substantially below the 
mean wall temperature, so that the mixture is appreciably heated 
during the earlier part of the stroke. 

(2) As tire fCtcohol forms an appreciable fraction of the charge • 
(11 per cent by weight), it will decrease‘the ;nean exponent 7 for 
the mixture, since 7 for alcohol vapour is ojily 1*13^ as against 1*4 
for air. 

(3) l a considerable portiop of the fuel is liquid at the end of the 
suction stroke, unless extra induction heat isi^upplied, and some of 
the heat of compression is ap^)lied to its evaporation. 

We will ignore for the moment the last factor, and take 7 for 
a “ correct ” alcohol mixture as being about 1*33. ♦ ‘ 

The absolirte temperature at the conclusion of the compression 
stroke in the case of petrol or benzene may be arrived at by multi- 
plying the final absolute suction temperature by 5^^ - T755 ; 
This gives : 

Petrol ...^ ... correct mixture 1258° F. abs. 

3) per cent weak mixture 1267° F. abs. 

' Benzol correct mixture 1220° F. abs. 

20 per cent weak mixtifre 1232° F. abs. 

The compressidh pressure in eadh case will be 14-0 x 5^^ = 123 lb. 

per square inch absolute or 108*3 lb. per square inch gauge. ‘ 

*With the alcohol mixtures, tlie final suction temperatures are 
the same both for the normal aRd the weak mixtutes, so that the 
compression temperature, uncorrected for the latent heat of the 
surplus liquid, are also the same, being ^ 

C09 X = 1035°*F. abs. 
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With the correct mixture there is, aJpreviouely slioln, a heat 
d^cit of 0'053 B.Th.U. per cycle, this amount being nlcessiiiy for 
the evaporation of the alcohol which remains in a liquid slate at tlie 
end of the^ftion stroke. This causes a drop of 0-053 x 1 270 07'^ F., 
making, the actual compr&sion temperature OOS"" F. abs.^oi* 475'^ F. 

• With the weak mixturQ, {liedieat deftcU is^only 0-02!) B.Tli U. 
j)er cycle, which raises the conq)ression temperature to ODJi"" F. abs. 
of 505° F. ^ ^ 

The uncorrected compression pressure is 14-0x5^'*‘‘' tlO lb. 
per square inch absolnte. TJie cooling due to eva])oratioi4 rediues 
this to 141 lb. per square inch abs. for the normal mixture, and 
114-7 lb. per square inch abs. for the weak mixture. 

Combustion Temperatures. - Since combustion takes place 
at constant volume, the whole of the chemical energy stored in the 
mixture, with the exception of that lost to t he walls of t Ikj combustion 
chamber, will be devoted to increasing its internal .energy. It is 
• well known, however, that the obvious method of findfng the tem- 
perature rise, that of dividing the heat output by the s])ecili('. heat 
at nornyil ten^eratures, gives results that are far too high, in fact 
practically do.djle those that are actually attained. This discwep- 
ancy is due to the three following influences : - 

(1) The specific licat of th^ gases, of whicli the working fluid is 
composed, increases with increase of temperature. 

(2) At high temperatures the products of combustion, C()> and 

water, din^jK'iate with absdtption of heat into carbon monoxide and 
oxygen, and hydrogen and oxygen respectively, according to the 
formulae • 

2CU^2C0 + 0, 

2hL6-2lL + 0,. 

(3) Heat is lost by radiation and conduction to the walls of the 

combustion chamber. * # , 

The specific heat ot the gases, .of which the woijving fluid is 
composed, and the amount of dissociation at any temperature, have 
been found by direct experiment, while the loss to the jackets can 
only be*estimated from actual engine experiments. The amount of 
energy tak/sn up by the gases as sensible heat can readily be caTcu- 
lated, since th^ specific heat of a gils at constant volume is unaffected 
by changes of pressure or by admixture with other gases. Unfor- 
tunately the degree of dissociMion is influenced by alterations in 
pres^re and, in cases such as the^ present, where two kinds of 
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dis^ociatioL have«a comnlon product (oxy^n in this case), by the 
relative proportions of the gases present. This renders the actual 
calcula^^ion of the energy absorbed in this nfanner.a somewhat 
complex and extremely' wearisome* process ; it has hp’v^ver, been 
dealt with very fully by Tizard an^l P^e, so* that the results^one will 
be- .given*. The mQst cionvenient • metlv)d is to construct a cu^ve 
showing <the total internal energy of the mixture, at any temperature^ 
plotted against {he tempejjature. Since the amount of interifal 
energy at any stage in the cycle can easily be found, the corre- 
sponding temperatures can at once be.read off. 

From the work of Tizard and Pye*^ which is based on the 
experimental data of Pier and Bjerrum^ the curvh shown in fig. 17 
has been constructed, wliich also gives a gra^lfical construction 
developed by one of ^ the author’s assistants, Mr. J. F. Alcock, 
whereby the temperatures at the beginning and end of the expansion 
stroke can bci read off with a fair degree of accuracy. Owing to 
the influence, previously mentioned, of pressure and charge pro* c 
portions on dissociation the construction*' of such a curve to meet 
a reasonably wide range of conditions renders it nege^ssary to 
compromise to some extent and to take mean Values.^ 

Tl^us, the energy curve ^hown applies strictly only to a benzene- 
air complete-combustion mixture at 'a compression ratio of 5 to 1. 
However, the effect of a change in the compression ratio is almost 
negligible within the limits used on the constant-volilme cycle ; as 
is the eftect, also, of replacing benzene 'by any other hydrocarbon 
fuel. If used dor a fuel such as alcohol or ether, however, the error 
becomes appreciable, owing to the different specific heat of the 
products of combustion. Strictly speaking, it does not apply to 
mixtures which are either weaker or richer than the chemically ' 
correct mixture, although here again the divergence is very small 
within the range^ available and with a homogeneous mixture. 

I Th® internal energy curve is plotted in terms of foot-pounds 
per standard cubic inch on . a v^ical »3cale, against the tem- 
perature on a horizontal scale. ^The other dull-line curve shows 
the energy present as heat, so that the .difference between the 
two curves shows the chemical hnergy stored in* the products of 
dissociation. Zero energy is taken at 100° C. (242° F.), as 
being an average temperature ^t the beginning of compression. 
Variations in this temperature, being relatively small, will have but 

* Automobile Engin^y February and March 1921. ^ 

• Zeilschrifl fiir physikalischeSJhemie, 1912. 
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little influence •on the c(toibustion and exiaust teqiperatujfes. The 
explanation given below of the use of the diagram is supplemented 

Y ’tS • • 



r\jnning on Volatile Hydrocarbon Fuela 

by an example worked out for the follovfing data, the construction 
lines of the example being shown jotted in the figure. 

Compression ratio, R ^ =5 to 1 

Energy content =46;2 ft. lb. per cub. in. 

Heat loss during combu8tion‘= 6 per cent \ The actual value of these losses 
Heat loss during expansion *=6 per cent / will be considered in Chap. III. 
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c Ther\e are tlyee facA)rs in an*actual Engine wkich modify the 
temperaftire attained by the combustion of a mixture of any gjven 
energy content. They ^ire the 

j(l) Heat put inti) l3ie mixture *by cofnpression. ^ 

(2) Ldss due to cooling by the walls of the combusti(3ij chamber 
during (combustion. ^ 

(3) ^Effective weakening of thecnixture due to dilution with t^e 

residual exhai]st‘products.^ • ^ 

Factor (1) is allowed for by layifig off the heats of compression 
for vaj'ious ratios by the marks = &c.; on the line PPi 

near the bottom of the diagram, ‘/he energy content is then 
marked off above this on the vertical line Oi¥i representing the 
100° C. (212° F.) starting-point. In the exaffiple, the 46-2 ft. lb. 
energy content is laid off above the 3-6 ft. lb. of compression, 
making a total of ft. lb., this being the gross energy content 
from which the losses due to factors (2) and (3) must be deducted. 
These are provided for in the following manner : - • 

On the horizontal scale C is marked the effective energy loss due 
to dilution with residual exhaust, assumed to be iit 21,01)'^ F. abs. 

( = 1165° C. abs.). Scale E shows the percentage los^ due to cooling 
during combustion. This is laid off at any figure which previous 
experience shows as probable for the type of combustion chamber 
in question, namely, 6 per-cent in the pxample. A line is then 
drawn between these two points, and the point of •intersection of 
the line so drawn with the scale D gives the total pere«entage loss 
due to these two causes, corresponding to IF 5 per cent in the 
example chosen. • 

To transfer this to the diagram, a line is dropped vertically from 
the above intersection point. Another line • is drawn from the * 
point on the line OiYi, giving the gross British thermal units per 
cubic inch, to the s\jitable compression point on the line PPi, and 
representing 100 per cent on scale D ; or 49-8 ft. lb. per cub. in. in 
the example. From the intersection of ♦the above two lines,* a 
horizontal line is run to the energy scale on one* side, and to the 
energy curve on \he other. The* point on ^he energy scale shows 
the net energy available , for exp?insion, or 44*5 ft. lb. per cub. in. 
in^the example. From the energy-temperature curvd. the actual 
flame temperature can be read ‘off, this is 2475° C. (4487° F.) in 
the example. 

The drop in temperature during tlie expansion stroke depends 
on the two factors of {a) external work done, and (6) heat loss fo the 
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walls. The net power* output is given as a percentiuje of \he 
he^t content of the nuxture on scale F, the formula ifsed being 

n = 1 - 0-258 is the inpan value’ .for the exponent, and 

covers aUMissopiation and sinylar effects, but not wall hVses. The 
wall loss during expansion.is laid off on soale, F. A drawn 
between these points gives their sum on scale 1) as before. A 
perpendicular ‘from this point is drop])^d to meet a line from the 
net-energy point on OiYj to fJie siiitabk, -compression point On tlie 
line PPi. As the* grosl^ wovk.done during expansion is tlu'.sum of 
the net werk mentioned above and the compression work, this latter 
amount, which is*3-6 ft. lb. in the example, must be laid off below 
the above intersecdbiSn point, to lind the energy content at the end of 
expansion, which is 24-5 ft. lb. in the example. The cofres})onding 
filial temperature, 1075° C. (3047° F.) in the example, can then be 
read off from the energy curve. 

• Taking an actual example from experiments on tlie author’s 
variable-compression engine, with a correct mixture of an energy 
content t)f 46-2tft. lb. per cub. in. and a compression ratio of 5 to 1, 
the actual mtijfirnum* flame temperature, as obtained from the above 
diagram in fig. 17, allowing for the additional heat of compression, 
the wall loss during combustioif and the dilution by residual exhaust 
products, will be 2475° Q. (4487° F.), ‘corresponding to an energy 
content of 44*5 ft. lb. per standard cub. in. At a ratio of 5 to 1, 
the obser-^d indicated th(?rmal eiriciency is 31 per cent;*of this, 
5 per cent is due to the change in specific volume of the mixture, 
so that the heat drop is 40*2 x 31 x 100/105*- J3*(> ft. lb. per 
cub. in. Add to this the 3*0 ft. lb. of compression work restored 
during^ expansion, and the 6 per cent of 40*2 or 2*8 ft. lb. of wall 
loss during expansion ; the total heat-drop during expansion then 
becomes 20*0 ft. lb. per cub. in., leaving a fin;il energy content of 
24*^ ft. lb. per cub. in., which, it will be observed, coimudes with the 
figure found in the example ui^ler the same conditions.^ The corre- 
sponding final temperature is 1075° C. (3047° F.) 

While affecting the final temperature directly, it should be 
observed that tlfe loss of heat d&ring expansion has only a slight 
influence oii the actual efficiency*; thiS has been ignored in ?he 
construction, because much of it is* lost late in the expansion stroke, 
where its value is less. Another slight error allowed to remain in 
the construction, for the sake 6i simplicity, is that a percentage of 
the jtet heat available during combustion is deducted for the jacket 
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lobs during expansion ; whereas this is given as a proportion of the 
total hear available in the fuel. The errar due to this cause, is, 
however, very small, being in the case considered 2 -d [(46-2 - 44 * 5 ) 
— 44-5] -0*11 ft.' lb. 'per cpb. in., ^nd can be ignored ^iG^ly. 

At the end of the expansion .stroj^e th'e temperature o^'.the gases 
is about 3050° F. ,or 3500° F. abeolute^ as has been seen, and tliey 
are at an absolute^ pressure of aboht 70 \b. per square inch. WheA 
the exhaust valve opens l^ese gases will expand r^tpidly down^ to 
atmospheric pressure, and their temperature will fall in the ratio 
/14-7V-^ 

^ , where 7 is approximatMy • 1-30. This byngs their 

temperature down, to 2450° F. abs., and the loss of heat during 
the exhaust stroke further reduces their temperature to about 
2100 ° F. abs. 

A similar calculation in the case of an ethyl-alcohol mixture 
makes the residual temperature about 1950° F. abs. 

When fhe temperature at any point in the cycle has been found,* 
the corresponding pressure is, of course, easily obtained. Thus, in the 
case of the petrol given above, the compression pressure is> 123 lb. per 
square inch abs. and the temperature 1258° F. ab^. ' As the tem- 
perature after ignition is 4487° F., or 4946° F. abs., and the ratio of 
the specific volumes before and after ’combustion 1-05, the pressure at 

‘ . 4946 

the commencement of expansion is therefore 123 x 1-0^ x -j- — = 508-5 

1258 

lb. per square inch abs. or 493-8 lb. per square inch gang?-. 

At the end of the expansion stroke the volume has increased 
five times, and thb temperature has dropped to 3509° F. abs. The 

pressure is therefore “y ^ 1’^^ ^ 22 ^ ^ ^2-2 Jb. per Square inch. 

abs., or 57-5 lb. per square inch gauge. 

The “explosion*’ pressure thus calculated is somewhat higher 
than <)hat actually found in practice due to the finite speed of 
burning of /he mixture, which causes a slight rounding of the peak 
of the diagram, though not enough appreciably to hfPect the thermal 
efficiency. 

With benzene, the temperatures at the begifming and end of 
e^ansion will be 2470*^0. (4480° F.) and 1670° Gi (3040° F.) 
respectively, the corresponding jfiressures being 50^ lb. per square 
inch abs. (490-3 lb. gauge) and 71-8 lb. pet square inch abs. (57-1 lb. 
gauge) respectively. * ^ 

From the above considerations we are able to construct an 
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indicator diagram giving the pressures and temperatures througii- 
out»the cycle undej normal working conditions, sucli as would 
apply in t]j^*case of a si;nall but efficient cylinder of th<« size 
quoted, and wteii running ^t a speed of 2000 ' Thj influence 

of ^ylindfer siz® on the performance will be considered later in 
Chapter III, when it will be seen^ that it dots not play my very 
important part ; neither, indeed,* within reasonable limits does the 
actual speed of revolution, provided alvays that it ho. fairly high, 
i.e. 1000 R.P.M. or over. Ac speeds below about 1000 ICP.M. 
and with a cylinder of 'he size under consideration, the ^oss of 
heat to tlie cylinder walls will begin to make itself felt, and will 
influence the perforrnance appreciably. 



The indicator diagram shown in fig. J 8 applies therefore strictly 
only to the conditions quoted above, thoi\glrit would differ but 
little over a wide range of size or speed provided always tlfat t^he 
combustion chamber .were of an efficient form and tkat there is 
ample turbulence to spread combustion rapidly throughout the 
whole nmss of the working fluid. ^ 

Once the thermal efficiency, the volumetric efficiency, and ^he 
total internal gnergy of the fuel-air mixture have been determined, 
it is possible to arrive also at the mean effective pressure and 
therefore the power output, by multiplying together the thermal 
efficiency, the total internal energy (in terms of ft. lb. per cubic 
inch X 12), and the volumetric efficiency. 
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In the case ‘under consideration the thermal efficiency with a 
‘‘ correct mixture, i.e. a mixture giving c^omplete combustion 
witho‘(it excess either of fuel or air, is per cent. WJi^h a 20 per 
cent weak^ mixture it' should be considerably higher t)n account of the 
lower maximum flanie tempera^.ure^ but this, in p^^actice*, is o§set 
by the very muck slbwer rate of burning, with the result that it 
will be increased oj;ily to about 32*8 per cent. ♦ 

The energy liberated by the combustion of 1 'standard cubic 
inch of petrol-air mixture was given as 46-2 ft. lb., but in so far as 
the available energy from the point of view of power output is 
concerned, we must multiply this by the change in specific volume, 
since, if the products of combustion occupy at the same temperature 
a greater volume than before, the pressures will«be higher, though 
tlie temperatures remain unaltered. This factor hfis been take^n into 
account in determining the maximum 9 .nd terminal pressures,"' and 
it, of course, ^applies also to the mean effective pressure, which will 
be increased or decreased according as the specific volume increases ‘ 
or decreases ; here petrol scores a marked advantage over benzene 
(benzol), and alcohol over either. It is convenient to use ‘the term 
“ total internal energy of the mixture ” (as distinct* 'from the heat 
energy liberated by combustion) to include the change in specific 
volume, i.e. the heat energy liberated, multiplied by the specific 
volume for a “ correct mixture. The total internal energy for 
the three fuels under consideration then becoraes : 


4 

Fuel, * 

(’han^^c in 
Sppcilic Volume. 

Heat Energy 
liherat(Hi per 
Standard cub. in. 
ft. Ib. 

Total Internal 
Energy per 
Standard cub. in. 
ft. lb. 

Petrol 

per cent. 

-h5-0 

16-2 

48*5 

Benzene ... ‘ ...'■ 

+ 1-3 


47-5 

Alc‘-oh(4 

+ 6-5 

44*5 

47-4 


With petrol ar^d a correct mi^ure in the exafnple chosen, the 
thermal efficiency is 31 per cent, the internal energy 48-5 ft lb. per 
standard cubic inch, and^^the vofumetric efficiency 76-2 per cent. 
The indicated mean effective pressure will therefore be 

•31 X (48-5 X 12) X *762 = 137-4 lb. per square inch. 

In the case of benzene the same oalcplation will give 
•31 X (47-5 X 12) X -785 = 137-8 lb. per square inch, 
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or, to all intents and purposes, exactly the same as with petrol, 
sinc^ the lower internal energy balances almost exactly the higher 
volumetric efffcieiicy. ^ • 

With alcohi)!, the same calculation will show thai the, indicated 
mean pre»s*ure ^hould be 158-3 ]h. per square inch, but this is based 
on a volumetric efficiency of ^)0 pel* cent, aii efticieiicy which’ is m^t, 
ii 4 practice, realized for reasons •already given. If the volrtmetric. 
efficiency betaken as 82-5 per cent, whi#h co^'respomfe with experi- 
mental results under similar conditions, the indicated mean pressure 


becomes 15iB*3 145 lb.' per square in(*h, which is in very close 

agreement with observed results. 

Again, for a 20*per cent weak mixture we must rediu'e the total 
intern^il energy agcxudingly, but, on the othecj* hand, the thermal 
efficiency is increased owing to the lower flame temperat ure ; also 
the volumetric efficiency is reduced very slightly owing t^) tJie smaller 
Influence of the latent heat of evaporation for such a mixture. The 
figures then become : • 


• • 


• • • 

Fuel. 

• 

• 

•- — • - 

Jn(lK‘atc<l Mean ProH.sui'o, 

11) pel 8 ( 1 . in. 

, 

01)serv(>(l I M F P 
(( 'orrea t Mixluie), 
11). |)(‘r H«j. 111 . 

('um‘et • 
Mixture. 

20 |)(T ('(‘ut 
Weak. 

Petrol , . 

137-1 

118-0 

130-0 

Benzene ... 

137-8 

118-2 

• 130-0 

Alcoliol ... ... ...” 

; 1 15-0 

121-0 ' 

M3-0 


If, now, the mixture be furtlier enriched by the addition of 20 
per cent excess of fuel, although the heat liberated per standard 
cubic inch of mixture will be no greater, tliQ t(5tal internal energy 
wiH*be increased very slightly owing to the greater increifsc ih 
specific volume when ejccess of fael is present ; again, owing to the 
greater latent he*at available the volumetric eflicienc^y will be 
increased, slightly, while* finally, 1;^e thermal efficiency, based on 
that portion of tlie fuel which is burnt completely, will be slight!^ 
higher on actfount of the lower flame temperature ; the net result of 
all these changes will be that the indicated mean pressure will, in all 
cases, except that of benzene, be some 4-5 per cent greater than 
with a^correct mixture. In the case of benzene, however, owing to 
the small change in snecific Volume, the gain in power by using a 
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20 per cent rich mixture will be only about 3 per cent. • If the mixture 
be enriched beyond 20 per cent exceiSs of fuel; there will be no further 
gain ih power on petrol or benzene owing to the slower rate of burning, 
but; on alcohol th^ife wilbstill be a small further gain, on account of 
its high latent heat and large inc»rea(^ of specific volipne. ^ . 

» , The ‘ indicated (hofse-power obtainable from the cylinder under 
consideration will be as follows : — ‘ ^ 


f 

' Fuel. 

I.H.P. 

* /»f 

20 percent Weak. 

Correct. 

f 

20 fker cent Rich. 

Petrol 

Benzene • 

Alcohol 

15-75 

15-8 

16'55 

0 

18-36 

18- 4 

19- 35r 

19-15 

19- 0 

20- 2 . 




CHAPTER III 


♦ 

DISTRIBUTION OF flEAT IN A HIGH-SPEED 
FOUR CYCLE ENGINE 

• 

It is usual to express the distribution of heat in an Internal-Com- 
bustion engine in terms of the proportion converted intp indicated 
hoi;^e-power, the proportion yielded up to the cylinder walls, and, 
lastly, that rejected to the exhaust; the latter item being the 
residue after deducting from the total heat of the fuel the two former 
categories ; it generally includes also the losses by radiation. This 
form of subdivision i» perfectly legitimate so long as it is clearly 
understood' tli^x^ it is no more tlmn a convenient form in which both 
to measure and to express the heat distri)>ution ; indeed, it is 
practically the only form in xvliich it*t.an be directly measured. 
Many engineers, however, still appear to be under the impression 
that it represeijts the trueMisposal of the available heat of the fuel, 
and, acling on this supposition, are often sadly misled. 

The proportion of the total heat of the fuel converted to indicated 
horse-power can be determined readily enough and (piite accurately 
from the known heat supplied and the known horse-power developed 
.from it. 

The heat yielded up to the cylinder walls and carried away by 
the cooling water can also be determined fairly accurately ; it must 
be understood, however, that it includes : . 

j(4) The heat given up by radiation, conduction, convection* &c., 
during the period of combustion: 

(2) The heat given up during the expansion period. 

(3) The heat given up during tl^e exhaust stroke. 

It is necessary to examine each of these* sources separately. • 

(1) Heaflojt during Combustion.— The period of combustion 
as distinct from expansion is relatively a short one, but it is one 
during which the ruling temperaj^ure in the combustion chamber is 
very I^igh indeed, i.e. between 4200^ F. and 4500° F. in the case 
of most volatile hquid fuels such as petrol, benzol, <fec. Also it is 

II. • * .66* • , 36 
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a period during which the gases wdthin the combustion chamber 
are in^a state of violent commotion so that heat is conveyed v^ry 
readily by conveetiop, &c. t c 

Now, if by any meanfe the loss of heat to tKe ftylipder walls 
during this period cquld be 8u|)pressed, such heat^could* be con- 
wetted into indicated horse-power ^t ah efficiency corresponding to 
the efficiency of cx^pansion alone (i.e. exclusive of the^ negative work 
done f during compression), Which in, an engine with a compression 
ratio of 5 : 1 is roughly about 40 pet cent. The remaining 60 per 
cent of the heat so recovered would, in any event, be rejected to the 
exhaust after expansion. 

(2) Heat lost' during Expansion, — Loss of heat during the 
expansion stroke may or may not be serious, depending upon the 
stage in the expansion stroke at which it is lost. Loss of heat at 
the very commencement of the expansion stroke is almost equally 
as serious as that lost during the combustion period, because had 
its loss been suppressed it would have been utilized at an efficiency 
corresponding to nearly the full ratio of expan'sion, whereas heat lost 
during the latter part of the expansien stroke is of very little moment, 
for even had its loss been suppressed it could have done but little 
useful work during the remainder of the expansion stroke and nearly 
the whole of it would have been rejected to the exhaust in any case. 

At first sight it would appear that, owing to the higher tempera- 
tures and pressures ruling at the beginning of the expansion stroke, 
the loss of heat will be much greater during the earlier period, but 
against this it must be remembered that, as the expansion proceeds 
and the piston descends, an increasing area of cold cylinder barrel 
is exposed. Also, owing to dissociation and subsequent recombina- 
tion, the fall in temperature during the expansion stroke is nothing 
hke so great as jt might appear ; the final temperature, even with a 
compression ratio of 5:1, being still well over 3000° F. 

From the above considerations it will be seen that, though it is 
customary to yoke together the heat lost during combustion and 
expansion as though its influence' during each period were the same, 
it is most certainly inaccurate <and misleading to do so. Of the 
average heat loss during expansion, probably only about 20 per cent 
could be converted into useful '^vork and the remaining 80 per cent 
would be rejected to the exhaust. 

(3) Heat lost during the Exhaust Stroke.— Although during 
the exhaust stroke the temperature of the gases is very much, lower, 
yet heat is given up to the cooling water with great rapidity during 
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this period, for in addition to the normal heat flow to the oylinc\er 
wajls the hot gases are issuing at an exceedingly high velocity past 
the exhaust \alve and through a short lengtji of exhaust pi})('‘’ which 
is always inc^idod in the cylinder jacket .and cooled by the circulat- 
ing water, con'^equently of the iota} heat carried away by ihe cooling 
water at least one half and x)ften more than naif is given u]) during 
tlie exhaust period. Nov'' the tvhole of the heat taken up during 
the exhaust stroke, by far the bulk of thiti taken up during exj)ansion, 
and about 60 per cent of that taken up during combustion, should 
have been debited to the exhawst loss account. 

In addition, of the total heat carried awa\ by the cooling water, 
a very substantial jproportion is generated by tlie friction of the 
piston on the cyliiKler walls. 

It is interesting to take a spe(*iflc- example and to 1ni(‘e out as 
accurately as it is possible so to do the true gain in eliiciency which 
would be effected if all heat loss to the cylinder walls w«re (‘om])letely 
• suppressed. Let us take, as a fair average exam])le, the (‘as(‘ of a 
well-designed and efficienf engine with a compression ratio of 5: 1 
in which • ^ 

32 por cent of tiie total heat of the fu(‘l is (‘ohvi'tOhI into us^'fiil work on tin* 
})iston, 

28 per cent of the total heat of the fuel is earned away by the cooliufj; \vat(*r, 

40 per cent of the total heat of the fuel remains and is accounted as lost to 
exhaust*radiation, &c. 

Of theHotal heat carried away by the cooling water, approxi- 
mately 6 per cent will be lost to the walls of the cylinder during the 
combustion period, about 7 per cent will be yielded u]) during 
expansion, y.nd the remaining 15 percent during the exhaust, stroke. 
Of the 6 per cent lo&t during the combustion period roughly about 
40 per cent would appear as useful work or 2-4 per cx^nt of the total 
heat of the fuel. Of the 7 per cent lost during expahsion, somewhere 
abgut 20 per cent would be utilized or 1*4 per cent of the total heat 
of‘the fuel. Of the 15 per cent lostMluring the exhaust stroke, no 
part could have*been utilized. .We find therefore that, although 
28 per c^nt of the total heat of the fuel has been carried away by the 
cooling water, orfly 3*8 per cent could have been converted direetJy 
into useful*nvork on the piston, and the efficiency of the engine 
would be increased from 32 per cent to 35-8 per cent only, a gain of 
barely 12 per cent. Nor°is this all, for, had all loss of heat to the 
cylinder walls been suppresseef, the temperature of the working 
fluid would necessarily have* been cofresponditigly higher, with the 
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result that the losses due to the increase both of specffic heat and of 
dissociation at the higher temperatures wcruld^ be increased sub- 
stantially, and the net gain would be very small, probably only 
from 32 per cent to, about 34*5 per'cent or possibly pent. 

These figures show clearly how relatively small a gart the loss of 
he^t to the cylinder \Jalls plays m an Internal-Combustion engine, 
and how misleading it may be to assess th^it loss of heat by the heat 
carried away by the cooling water. As a first appr6ximation it is 
fairly "correct to assume that, of all' the heat carried away by the 
cooling \vater of a cylinder, little more^han 10 per cent could actually 
be converted directly into useful work. • 

Tables I., II., and HI. show the distribution ot heat as found in 
the author’s 4| in. x 8 in. variable-compression re'search engine shown 
in figs. 3 arfd 4 under several different conditions. These figures were 
all obtained under dircumstances which ensure a very high degree 
of accuracy. ^ 

Gnmp .S,-” Distribution of heat at different speeds with wide 
open throttle. In all cases the mixture strenglli was approximately 
10 per cent weak, the jacket temperature was kept coi^tant at 
140° F., and the heat input to the carburettor was ''maintained at 
0*043J B.Th.U. per revolution. 

The three sets of tests in this group were run, one on ethyl alcohol 
95 per cent, and the other om petrol, sample (A), at a compression 
ratio of 3-8:1, while the third set was run on ethyl alcohol 95 per 
cent at a compression ratio of 7 : 1. 

It will be observed : 

(1) That owing to the lower mean cycle temperature the thermal 
efficiency obtained with ah'ohol is substantially higher than that 
obtained with petrol at the same compression ratio. 

(2) For the same reason, the proportion of heat carried away by 
the cooling water is Dss. 

» (3)i That the thermal efficiency is affected very little by a wjde 
variation in. speed. c ^ 

(4) That the proportion of the heat taken aw^y by the cooling 
water falls sliglitly as the speed is increased., 

The results shown in (rroup B^'were observed urider the following 
conditions. The engine was run at a constant speed of h500 R.P.M., 
corresponding to a piston speed W 2000 ft. per min!, and the load 
was varied by throttling, the mixture strength being kept constant 
throughout at about 10 per cent w&k,v while the heat input to the 
carburettor was maintained ut 0-0433 B.Th.U. at full load and 
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Cahlr I (iitori- A 


^ Fuel, Ethyl Alcohol 'J5 per cent 

• Conijiression ratio 3*8 : 1 ^ 



9 

•'.*7.') 

U(K) 

1.3(X) 

I7(K) 

Pidton speed ft. per min. 

\m) 

, 1 7.33 

2(XH) 

22()C) 

Heat to per cent 

S ‘2(r9 

27-0 

2(;-9 

27-0 

,, celling water, per cent 

25- 1 

21-7 

2M 

21-2 

„ exhaust, radiation, Ac. 

• 

■18.() 

18-3 

18-7 

18-8 

• 

Total heat 

lOO-O 

l(M)-0 

1(M)0 ‘ 

l(M)-0 

1 Fuel, Petrol, Ham| 

j Compression ratio 

>!.• (A) 

;!•« : 1 

•ji 


< 

R.p.M. r. 

c 975 


1.30(1 

I7(M) 

Piston speed, ?t; per mif^. 

1.300 


2(MH> 

22(;() 

Heat to l.H.P., jier cent 

2.5-y 


2(M 

2(rl 

„ cooling water, ])er cent 

.30-1 


28-() 

27-0 

„ exhaust, radiation, Ac. 

• 

13-7 


15-9 

l(c9 

Total heat ... 

PKH) 


1(M)0 

KMM) 

Fuel, Ethyl Alcohol 95 p(‘r c(‘nt 

CompHLssion ratio 7 : 1 



R.p.M 

975 

1.30<) 

1.5(M) 

• ’ 

P; 3 ton speed, ft. per min. 

■» 

13tK) 

1733 

21 XM) 


• 

Heat to I.H.P., per cent 

37'() 

38-1 

' .38-3 


„ oooling water, per e*ent 
,, exhaust, raSiation, A( ., 

25^ 

21-3 

• 

23-9 

• 

pe;ftcent 

37'0 

Y 

37-0 

37-8 


Total heat 

100-0 

t 

100-0 

l(H)-0 

1 
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ft C * * 


reduced proportionately as the load was reduced. !he circulating 
water temperature was maintained constant Ihroughout at 140° F. 

T^BLE II~trROUP*B 


Alcphof 95 per cent 
Compression ratio 545 : 1 

R.P.M. 1500 


r 

Percentttge of maximum I.H.P. 

100 

80 

60 

40 

Heat to LH.P., jier c^nt 

34*8 

35-0 

^ 35-0 

34-8 

„ cooling water, jier cent 

24-1 

26-0 ‘ 

29-2 

33-0 

. exhaust, radiation, &c., 



« 


percent .^. 

414 

39-0 

35-8 

32-2 

c 

Total 

lOO-O 

100-0 

l(X)-0 

l(X)-0 

Fuel, Petrol, sample (A) 

< 

c 

Compression ratio 545 : 1 

9. * 


' 

R.P.M. 1500 



Percentage of maximum LH.P. 

100 

^80 

60 

10 



• 

> 


Heat to LH.P., jier cent 

33-5 

31-0 

34-1 

33-5 

,, cooliifg water, per cent 

26-5 

28-2 

31-8 

35-5 

,, exhaust, radiation, &c.. 





per cent 

40-0 

37-8 

34-1 

31-0 

Total heat 

100-0 

100-0 

100-0 

100-0 


From these tests it will be observed that : 

(1) Provided that, as in the above cases,, the time of ignition is 
advanced as the weight of charge is reduced, and therefore the 
relative proportion of residual fxhaust ploducts is increased, the 
thermal efficiency remains practically constant over a wide range 
of load. 

(2) That as the load is reduced a greater proportion of the 
exhaust heat appears in the cooling water. 

Lastly, a set of tests were run on hydrogen (Table III.). On this 
fuel alone it is possible to redluce the power output over a wide range 
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by controlling the supply of fuel only, i.e* by qiuiJitAtive govermng, 
without relying upou stratification. These tests are particularly 
interesting ps they are, it is believed, the only experiments which 
have yet feen carried out in which the pow6r eutp\\t has been varied 
solely by' varying the mean mixture strength of the working iluid. 


• 

Taulf, hi 

f 



[• Fuel, Hyclrogon Gas 



1 Conipre.4i')U ratio 5-45 : 1 




R.P.M. 15(X) 


1 

• Mixture strength at 

niaxiniuin load 10 ])er cent weak 


Percentage of inaxiin«m I.H.P. 

1(K) 

SO 

(10 

10 

ILat to I.H.P., per cent 

33-3 

35-(t • 

Tt- 

3S-2 

10‘0 

„ cooling water, per cent 

23*() 

21-9 

25-3 

2s-(; 

,, exhaust, radiation, kr., 



• 


per cent 

• 

43-1 

39-5 

3(r5 ^ 

3M 

• 

Total hf^at * 

• 

. KXH) 

KKK) 

l(K)-0 



In these tests it will be observed th?it : 

(1) The thermal efficiency increases^rapidly as the load is rediu^ed, 
due to the lower mean temperature. 

(2) The proportionate heat supply to tlie cooling water increases 
slightly as the load is reduced, but at nothing like the late shown in 
the previous tables, when governed quantitatively. 

It is interesting to compare the results obtained on hydrogen 
with those’ found in. the previous group. In the latter case the load 
is varied by varying the weight of working fluid per cycle, the 
temperature remaining practically constant, wjiilu in the tests^ with 
hydrogen the weight remained constant and the temperature was 
varied. As might be e;;>cpected when the temperature is variocf, so 
the efficiency follows* suit, rising as the mean cycle temperature falls. 
Incidentally, also, the results obfained in Group B serve to illustrate 
how sniall a part direct heat loss<to the cylinder walls actually plays, 
for as the \yeight of charge is reduced at nearly constant temperature, 
the relative teat loss must be increased substantially and yet the 
thermal efficiency remains unchanged. That quite a substantial 
change in heat loss has so little effect on the thermal efficiency 
illustrates how small, in itself, this whole source of loss must be — 
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^ ^ * 
th&t it actually ejects no reduction at all in'^tlie thermal efficiency is 

probably due to the fact that as the weight of charge is reduced, 
so is the proportion of residual exhaust producti increased, with the 
result that the ,t(imperature is slightly lower, and ,this/H^ery slight 
lowering of the flame temperature , results in a gain in^'^fficiency 
sufficient just to balance the increased relative heat loss. ' 

The , conclusions to be drawn from the preceding observations 
and tests are : ' ^ ' 

(1) tThat the direct loss of heat do the cylinder walls plays a 
comparatively insignificant part in the performance of an Internal- 
Combustion engine, and that even wete the whole of. this loss 
completely suppressed, the gain in power output and efficiency would 
be equivalent only to the conversion of an extra 2-5 to 3 per cent 
of the heat/jf the fuel into useful work. 

(2) That, of the t6tal heat carried away by the cooling \i^^)ter, 
only a very small proportion could be converted into useful work, 
and by far the bulk would appear in the exhaust. 

(3) That when running with wide open throttle, the heat flow to 
the cooling water is very nearly proportional' to the speed of the 
engine, i.e. the proportion remains ne’arly constant. • ^ 

(4) When the load is reduced by throttling a much larger pro- 
portion of the heat rejected td the exhaust is taken up by the cooling 
water, before the gases enter the exhaust pipe. 

It is frequently stated that the relative inefficiency of a com- 
bustion ‘ chamber with a large surface volume ratio is due to the 
increased heat losses. From the above it is clear that this cannot 
have any great influence. The most probable cause of the com- 
parative inefficiency is, as shown in Chapter IV., that, owing to 
the lack of turbulence in such types of combustion chamber, an 
appreciable portion of the charge clings to and is so chilled by the 
walls that it escapes ^combustion altogether. 

Influence of Cylinder J acket T emperature. - It is frequently 
found that engines give more power and rijn more efficiently when 
the jacket w^ter is hot. This is usually, but quite wrongly, attributed 
to the reduced hea^o loss to the cylinder walls when the jacket tem- 
perature is higher. It is due rather to the fact that the warning of 
the air and induction system is generally effected by n\eans of the 
cylinder circulating water, consequently when the cylinder jackets 
are cold, so also is the induction system, with the result that a 
considerable proportion of the fuel precipitates, the distribution 
becomes defective, and both thf power and efficiency suffer in conse- 
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quence. It is due also to the fact that tlie piston friction is dependent 
upon the viscosity of t)ie oil on the cylinder walls and this, in turn, 
is dependent upon their toniperature. » 

In en^hVs in which the temperature of th^ induction system is 
controlled independently of the cylinder temperature, the diflerence 
in power, if any, is much less mark^nl, and it tlien becomes a question 
of the relation between tliree factors. ^ 

*• (1) The variation in heat loss to thejackets whh temperature. 

(2) The variation in voluim trie efficiency with temperature. 

(3) The variation in piston friction with temperature. 

With regard to the heat loss to the jackets. It has already been 
shown that with a reasonably well-designed combustion cliamber 
the whole of the hefit flow to the cooling water during combustion 
and expansion amomits to ordy about 12 to 13 per cent of the total 
heat of the fuel, and that if the whole of the loss during combustion 
and expansion were completely suppressed, the indicated horse- 
power would be increased by less t han 10 per cent, taking itito account 
the loss due to dissociation, &c., at the higher temperatures, which 
would then be ^rcach^d. Now the mean temperature during com- 
bustion and o:q)ansian may be faken as about 3800"^ F., and t hat of 
the inner surface of the cylinder walls with boiling jacket water as 
at most about 300*" F., the tentperature* difference between the two 
being about 3500° F. If^now the temperature of the jacket water 
be reduced by 150° F. (that is, from boiling to 72° F.) the temperature 
difference Jietween the ga^es and the cylinder walls will only be 
increased to. 3650° F., an increase of little more than 4 per cent. 
Assuming that the heat loss is proportional to the temperature 
difference (and this is approximately true), then the difference in 
the indicated efficiency and power due to the greater heat loss with 
cold jackets will only be 4 per cent of 10 per cent, or abotit 0*4 per 
cent. With a very badly designed combustion ciiamber it might 
conceivably amount to as much as 1 per cerfb, but in any (!as^ it, is 
but* a trifling amount. , , , 

With regard to the variation in volumetric efficiency the differ- 
ence here is much more marked* and is in the Reverse direction. 
With hot cylind^ walls at 300° ¥., the rise in temperature of the 
working fluhj due to contact with the inlet vaive and cylinder walls 
during its entry will amount to about 80° F. With cold water it 
will be about 55° F., assuming that the mean surface temperature of 
the walls is, in each case, about 1^0° F. higher than that of the jacket 
water* Experiments quoted elsewherg show that with a cylinder of 
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normal design tke change in the temperature rise of the entering 
gases is about one-sixth of that of -the cylinder walls. The mean 
absolute temperature of the working fluid after its .entry to the 
cylinder may be* taken as about 700'' J'. absolute^ Tl^ weight of 
charge taken into the cylinder and therefore the power^out^ut will be 
proportional to th^ ab'^olute temperature, so that if this is reduced® by 
25° F. the weight of charge taken i»to the cylinder, per cycle, will be 

700 ' • • * 

increased in th’ie proportion‘6f , or about 3*75 per cent. From the 


above Considerations it will be seen that while the power and efficiency 



I'ig. 19. — Variation in indicated Mean Prcsauro with Cylinder Tcm|X)raturo 


may be reduced by from 0-4 per cent to 1 per cent, due to increased 
heat losses, the> weight of charge taken in will be increased by 
about 3-75 per cent, the net result being a gain of about 2-75 to 3-25 
per cent in the indicated horse-power by reducing the temperature 
of the coo^mg water from boiling t6 about 72° F. jor what is usually 
termed stone cold. 

So far as the indicated horse*power is concerijed, therefore, any 
reduction in the temperature of the cooling water involves an appre- 
ciable increase in the power developed in the cylinder Tf'ig. 19 shows 
the mean results of a large number of actpal tests, from which it will 
be seen that the observed results agree very closely with the above 
deductions. 





The third factor, namely piston friction, plays very im])ortAnt 
papt. In Chapter dealing with piston design, it will be eni])hasized 
that pistoj;^ friction is dependent in a large measure Pt the 
viscosity the lubricating oil, and therefore upon the temperature 
of j:he cylindr* walls— the colder the walls, tlje higher the vis(‘osity 
of the oil clinging to them, and therefore the greaV'r tlie fric'-iion. In 
case of pistons with large bearing surfaces.and lieavy. inertia 
pressures the difference in friction between liot and cold jackets 
may amount to as much as 8. per cent of the indicated horse-power 
of the engine, in which case the gain in indicated horse-power from 
the use of cold circulating water would be completely swamped by 
the extra friction, and the net result would be a loss of about 5 per 
cent in brake horse-power. On the other hand, with a very light 
pistop, with the minimum of bearing surfiue, the difffreiuH^ may 
be aCfe little as 3 per cent, in which event the ’orake horse-])ower of the 
engine will be independent of the jacket water tem])erature. (hute 
recently tests have been carried out on three single-cyrmthu* engiues, 
each of about the sarpe si^e, in which the (‘arburettor and induction 
system were heated independently of the circulating water. One of 
these engines *was fftted with a cast-iron trunk piston of orthodox 
design, one with a very light aluminiunmsiipper-type piston, and one 
with a cross-head piston, in which the friction of the piston on the 
cylinder walls is practic^xlly negligible. The results obtained are 
given below : ^ 




n H.l\ Hi 12(K) li P M 


• 

Kngino No. 

.Jacket 
Watei. 
212" F 

.Jacket 

Water, 

SO" 1-’. 

Difference 
per cent. 

(1) Cast-iron trunk jnwton 

B. 8 

■27. ' 

* 20-7 

-5 

(2) Aluminium slipper - tyju* 

piston ... 

(3) Cross-head jh^^on 

K. 3.0 

28-3 

28-3 

*Nil' 

T.8. 1' 

29*4 1 

.30-0*, 

+ 2 


1 • 



1 


In the case <5f the engines usdd for ta^ks which were fitted with 
cross-head*^istons and independently heated induction systems,* it 
was invariably found that the br&,ke horse-power was from 1-5 per 
cent to 2 per cent higher with “ cold ” jacket water, i.e. about 80 h ., 
than with hot,” i.e. about 180*-200° F. The difference in power was 
quite appreciable in service, and tajik drivers frequently expressed 
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surprise that their engines appeared to be more lively ’’ when 
the cylinders were cold. ‘ • e ® 

Td sum up, apart f^om any question^of carburettor temperature, 
the power output of an engine may increase or decrease as^the jacket 
temperature is raised, depending upon the piston friction ; if .jthe 
piston friction is h^h, the power butput will increase ; if low, it will 
not increase. The- increase in heat? loss over the most extreme con- 
ditions is so small as to be- negligible. The increase in volumetric 
efficiency is comparatively large, but is usually not sufficient to balance 
the increase in piston friction, hence the loss of power so often 
observed. ^ 

In most cases, however, the temperature of^the carburettor and 
induction system is dependent also upon the jacket- water tempera- 
ture, and when operating with fuels of low volatility the variation of 
temperature of these parts may play a ^ supremely important part, 
particularly if the distribution is inherently defective or the mixture 
is rather weak. 

Gas Velocity and Indicated Mean Pressure. — In the 

previous volume and in various publications, &c., the author has 
assumed that the best all-round compromise between such various 
conflicting conditions as (1) the attainment of the highest possible 
volumetric efficiency, (2) the attainment of the necessary degree 
of turbulence, (3) the reduction of the fluid pumping losses to the 
lowest ^possible limit, is achieved when the mean gas velocity 
through the valves is in the neighbourhood of 130 ft. per second. 
Clearly from the point of view of conditions (1) and (3) it is desir- 
able to keep the velocity as low as possible, while to fulfil condition 
(2) a high gas velocity is required. The figure quoted for the gas 
velocity was arrived at after a careful analysis of a very large 
number of published tests, from which it was found that the 
points of maxinium torque and maximum efficiency both fell 
between the limits of gas velocity of 120 and 140 ft. per secou.d. 
The gas velocity, as is customary, is expressed in terms of feet per 
second through the valve opening on the assumption (a) that the 
valve is wide open throughout the entire stroke ; (6) that the mean 
and not the maximum piston speed is taken into acbount. 

"There is now abundant evidehce that where the Valves open 
directly into the main body of the combustion chamber a somewhat 
higher gas velocity may be employed witliout impairing the volu- 
metric efficiency ; on the other hand^ with such a combustion 
chamber free from pockets or recesses turbulence will be better 
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maintained and a lower gas velocity will suffice. *111 other words, 
wh«n the valves are; so placed that they open freely into the com- 
bustion spa^^, both the ef^ciency and the inean pressure afe. less 
dependent iJfxjn ^as velocity. In practic^e, honker,* the size of the 
valves and vaive passages is lar^ely,controlled,by mec.hani(‘al limita- 
tions. Practicujl experience .indiciltes that, when valves af(.‘ lilted 
directly in the cylinder h^^ids, oAly as miu'h arojvof o]Kming* should 
be given as ca'n be provided without aillovving the symmelry and 
compactness of the combustiojf chamber to suiTer. It wouhl seem 
preferable, therefore, to increase the gas velocity up to as i^igh as 
160 ft. per second, rather than to distort the combustion chamber 
in order to accommodate larger valves. 

The valve-opening diagram is clearly a very important factor, 
and in the absence of precise information it must be astfumed that 
the valve-opening diagram, is in each case tlud best, suited to the 
general design of the engine and its pipe- work. 

The author has now a great deal more information on this 
subject, derived from^a v^y large number of engines tested in his 
own labcH’ctory.and under his own observation. Puither, since all 
these engines ^ere designed on tlie same basis having the same valve- 
opening diagrams, and all running at^sufficiently high s])ceds to 
eliminate any appreciable variation in the heat losses, the results 
are directly comparable and the deductions to be drawji from 
them are proBably quite reliable. The results of some o£^ these 
tests are sBown in fig. 20, trbm which it will be seen tluit , while both 
the mean pressure and fuel consumption differ very ^.‘onsiderably, 
depending both upon the compression ratio and tlie efficieucy of the 
combustion chamber, the relation between mean pressure, efficiency, 
and gas velocity is substantially the same in all cases. 

Again, a series of experiments was carried out on the spo(‘ial 
single wy Under research engine illustrated in figf?. 3 and 4; this 
engine is fitted with two inlet and three exhaust valves. ^ Pro- 
vision is made for throwing any of dhe valves out i>f,^ operation. 

The results obtaifted mth various combinations of valves in action 

• # 

are shown in fig. 21 . • 

Many useful deductions can be drawn, from the results of this 
last series, 4he more so because:* (1) The tests were carried out 
under conditions ensuring an exce})tional degree of accuracy ; (2) 
the area of valve opening, and therefore the gas velocity, could be 
altered without disturbing any o\her condition. 

All experience serves to kidicate that the velocity through the 
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exhaust valves may be as much as 60 per cent high^ than through 
the inlet valves without causing any appreciably resistance or other 
loss. ' Although the same weight of working fluid has to mss through 
both the inlet and exhaust valves in much the same^time the con- 
ditions under which it passes are ve^ different. In /;he lirst place, 
at. the time wherr the exhaust valves open, the pressure in the 
cylinder is relatively high, generally from 60 to 70 lb. per squa^ 
inch above atn?.osphere. Tl'e sudden release of the ga'ses at this high 
pressure results in the setting up in the exhaust pipe of a very high 



Fig. 20. — A Selection of Curves showing M.E.P. and Fuel Consumption on a Gas-Velocity Basis 

velocity, and the kinetic energy acquired by the gases in this pipe 
a^sist^ greatly in the withdrawal of the remainder from the cylinder. 
Unless, the:|;efore, the silencer offers any undue resistance the energy 
expended in driving out the exhaust products is almost negligible, 
and, within limits, is almost independent of , the gas velocity. 

While distinct evidence of tvire - drawing accompanied by a 
rapid increase in the fluid pumping losses becomes apparent so soon 
as the inlet gas velocity exceeds about 150 to 160 ft. per second, 
there is no evidence of any measurable fluid resistance, at all events 
until the exhaust gas velocity exceeds about 240 ft. per second. 

One reason for this is that owing to their high release pressure 





the bulk of the exhaust 
products is discharged 
while the piston is more 
or less ^t must 

alsg be remeni^ered that 
while a back pressure of, 
mfy 1 Ib./in. on the ex- 
haust stroke only de- 
creases the effective 
mean pressure by that 
amount, a negativje pres- 
sure of 1 Ib./in. at the 
end of the suction stroke 
will reduce the. mean 

pressure by ^ ^ or nearly 

7 per cent, a much 
greater loss. , 

FromMiti more reliable 
data now avaTlable ft is 
possible to construct a 
curve giving the relation 
between inlet gas ve- 
locity and volumetric 
efficiency with a very 
fair degree of accuracy. 
As already explained, 
however, the volumetric 
efficiency is also ’ in- 
fluenced to a very large 
extent by the vaporisa- 
tiofi of fuel within the 
cylinder and upon the* 
degree of pre -lieating 
before eptry ; it is there*- 
fore dependentf upon 
these factoid also. The 
curve shown in fig. 22 
gives to a close approxi- 
mation the relation be- 
tween the volumetric 






Fig. 2t 
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ejSiciency obtaiited and inlet gas velocity for an efficient and 
up-to-date design of petrol engine with norntal yalve timing ; for an 
enginft running on ben^^.ol it is about 2v5 per cent tod ^w, and for 
alcohol about 8 per cent too low, proyided, of \?ogi4e^ that the 
amount of pre-heating is the Si?me',for each fuel. The curve ^Iso 
assumed that the induction piping’ and carburettor offer no abnormal 
resistance, and that not more thaif four eylinders draw their supply 
from any one carburettor. 

To sum up, all the evidence available to-day tends to confirm the 
assumptions made in the first volume, that the most satisfactory 



compromise is attained when the gas velocity through the inlet 
valves is from 130'‘to 160 ft. per second, depending upon their 
positic\n in the combustion chamber ; the gas velocity through the 
exhaust valves may, however^ be as much as 50 per cent greater 
without any ill effect. '' 

Influence of Cylinder Size on Power and Efficiency.— 
For equal compression ratios the ‘'indicated power ^and efficiency of 
an engine is influenced by two factors : (1) Incomplete x^ombustion 
of the • layer of working fluid which clings to the walls of the 
combustion chamber ; (2) direct loss of keat to the walls of the 
combustion chamber. '' - 

Both depend clearly upon the relation between the surface of 
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the combustion chamber and its volume, but the form^'r depends 
alsj) upon the thickness, of the layer adhering to tlie walls, which in 
turn is de;pendent upon the degree of turbulence or s(‘i)uring vffect. 
Both these iiouroes of loss are recfuced to niinigiun> when tlu^ com- 
bustion (Jlairt^er is as compact 4inc^ symmetriyil as possible, for not 
only is the surface volume nvtio then reduced to i> minimum; but \he 
scouring effect of turbuleiife has^he fullest possible play. » 

* Assuming that the combustion chavftber is simlhir in all cases, 
then it is evident that the rHation of snrfa(‘e to vohma' ^^'ill be 
reduced as the size of the cylinder is increased ; since, so long as the 
proportions are similar, onS factor varies as the square of the size 
and the other as fhe cube. It follows, therefore, .that under similar 
conditions the pow^r output per unit volume and efliciencv of an 
engine will increase with increase of size. Exactly liow much it 
will increase must depend ypon the pro])oi1iofi*which these sources 
of loss bear to the whole, that is to say, the gain in ])ower and 
efficiency with larger cylinders must depend largely upon '’the design 
of the combustion chamber. When the combustion (‘harnber in all 
cases is compact and symmetrical as possible, the gain with 
increase of si^ will be at a minimum. 

Actual values for the increase in power with cylinder size can 
only be arrived at, apart from •theoretical reasoning, by conqiaring 
engines of similar design^in ever\^ respect. To attenqit to make 
deductions, as^ias so often been done in the past, from comparisons 
of engines •of differeiff designs and by different makers is quite 
useless, because so many other variables are necessarily introduced, 
as completely to mask the relatively small differences looked for. 
Also comparisons of engines by one designer are of little value unless 
all the engines compared are of fairly high efficiency ; many mis- 
leading dediudions have even been drawn from comparative test>s 
of engines of similar design, but in which the efficr?ency and power 
output was so low as to indicate the presence of some other, large 
factor — probably a variable one which, has confused the i§suc. 

Some years ago th^ Gas Engine Research Committee of the In- 
stitute of Civil Engineers carried ou{ a very careful Investigation upon 
three substantially sirralar single-c}^inder g^s-engines of G, 24, and GO 
indicated hgrse-power respectively^ /iH nf which were supplied by 
the National Gas Engine Co. and all of which were of the. same 
general design. Of thesg three engines the indicated thermal 
efficiency was found to be 31;8 per cent, 33-3 per cent, and 34-7 per 
cent, and the indicated mean jeff ective pressure 80, 88-7, and 8G-2 lb. 

VOL. IL * 
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per square inch respectively. It will be seen that while the indicated 
thermal efficiency increases with increase of -eylpder size in regqlar 
steps, the increase in mean pressure does not. No explanation is 
given as to why this should be, and in the absence any such 
explanation it must be presumed /either that the volumetric efficiency 
of jthc three engines is not the same — or that a weaker mixture was 
used in^the largest engines, though this wo]ild vitiate the comparative 
efficiency figures. It should be noted, however, (1) that all three 
engines ran at speeds which, at the present day, would be considered 
very low, consequently the proportion of heat loss would be some- 
what higher than in modern high-speed engines ; (2) that the com- 
bustion chambers were not as compact as they mi^nt have been, and 
therefore again the efficiency in all three cases is rather low, when 
the very favourable nature of the working fluid with its wide range 
of burning and low-flame temperature, as compared with petrol) are 
taken into account. 

The heat balance sheet for the three engines after analysis and 
correction by Sir Dugald Clerk is as follows : — 


Designation of Engine. 

L. 

R. 


Heat to indicated horse-power 

31 -B 

33-3 

34-7 

Heat to cooling water ... i 

34d 

29-6 

25-4 

Heat to exhaust, radiation, &c 

34-1 

37-1 

1 

39-9 

Total heat 

100-0 

100-0 

100-0 


From this balance sheet it will be seen that the heat carried 
away by the cooling water diminishes as the cylinder size is increased. 
The figures givesi a^bove represent the total heat carried away by 
tlje CQoling water and by radiation, and not the loss of heat during 
combustion and expansion, wliich alone can affect the power output 
and efficiency. In the case of the X engine Sir Dugald Clerk was 
able to deduce the heat loss during combustion and expansion, 
and found that it amounited to lC-1 per cent or 62*3 per cent of the 
total heat carried away by the cooling water. If we t^J^e the same 
proportion as applying to the L and R engines (and in the absence 
of more accurate information this is as negp: the truth as it is possible 
to approach), then we find that the heat loss during combustion and 
expansion in the case of the L and engines is 21*6 per cent and 
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18-7 per cent respectively. The corrected heat balance for the three 
engines then beconies . 


r ''^jgnution of Engin*'. 

i ’^1 

1 1.. 

n. 

• 

Heat to indicated iiorse-power 

31-8 

33-3 

Heat loss during eoinhu.stion end e.xpifnsion 

21*() 

18-7 

^cat to exhaust, radiation, kc 

, IGT) 

•18-0 

Total heat 

loo-o 



X 


1 


;u-7 

•KM 


K)()() 


and the true heat )dss apparently ranges from 21-6 per cent in the 
case of the smallest to 16-1 per cent in the case of the largest cylinder. 
The ideal ediciency for all three engines as calculated by the Com- 
mittee from the specific heat of the working fluid actually used is 
39-5 per cent, so that the relative ediciency of the three engines 
becomes 80-5 per cent, 84-3 per cent, and 87-8 ])er (*ent res])ect- 
ively. * 

The abovtr ’tests <\re probafdy by far the most accurate and 
representative tests to determine the variation in ])erformanc(‘, with 
cylinder size that have yet been undertaken, but the information 
obtained from them is yot altogether applicable to high-sp(‘ed 
engines using Tich volatile liquid fuels, because (1) the sp(‘(‘ds are 
very low ; f2) the dame icifiperature is very much lower owing to 
the presence of inert gases in the fuel and to the rehitively wide 
range of burning on tlie weak side. 

(^uite recently the author has carried out a somewhat similar 
series of tests on three engines of similar design. Th(‘se engines 
may be designated as A, B, and C. They all have the following 
charact^eristics : — 

(1) The mechanical features are the same m all cases in so iir as 
they can apply over so wide a range of size. In all three engines 
aluminium slipper*type' pistons are^used. 

(2) In all cases the CQmbustion chamber is as compact and sym- 
metrical as is possible consistent wifh the provision of adequate valve 
area, and in a 11 cases the valves are fitted in the cylinder head. 

(3) In all three engines the valve opening diagram is identical. 

(4) In all three the compression ratio is the same, namely 4- 84. 

The stroke-bore ratio imfortfinately differs very widely. With 

engines, however, in which the combustion chamber is very compact 
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and free from v£Clve pockets, etc,, and the compression ratio fairly 
low, the stroke-bore ratio appears to -play very Ijttle part. 

Th'fe leading particulars of the three engines are as follows : — 


— — 1. F *— 

* ‘ Designaticfti of Engine. 

A. 



B. 

'C — 

C. ^ 

* n 

(Cylinder bore, inches 

r 

3-25 

4-5 

e' 

8-0 

Strolie, iiicheH 

4-0 

8-0 

11-0 

8wept^,voluino, cubic inches .. . ... 

Speed at which inaximuiu torque and 

33*2 

128 

554 

maxiniuni efficiency are developed, R.P.M. 

1750 

1750 

1250 

Volume of clearaiu'O space, cubic inches ... 
Area of surface exliosed to combustion. 

8-65 

f 33*4 

144 

square inches 

29-5 

, 71-0 

151 

Ratio of sirrfacc to volume 

3-11 : 1 

2-12: 1 

1 

1-048 : 1 


Engines A and B were tested in the author’s laboratory at 
Shoreham, and C at the Royal Aircraft Establishment at Farn- 
borough. All three engines have been in operation sinc^, ,the latter 
part of 1919, and have been submitted to a great number of calibra- 
tion ,tcsts by different observers. The fuel used in all three cases 
was a light petrol having a lower c’alorific value of 18,900 B.Th.U. 
per lb. 

Engine A has two valves, one inlet and one exhaust, mounted 
vertically in the cylinder head. ' • 

Engine B has five valves, two inlet and three exhaust, all 
mounted vertically in the head. 

Engine C has four valves, two inlet and two exhaust, also mounted 
in the cylinder head, but slightly inclined from the vertical. 

Both the time of opening and closing and the gas velocity through 
the valves is the^a’ine in all cases at the speeds stated, namely 140 ft. 
per second. All three engines are designed to operate over a wide range 
of speed, particularly engine B, and all W43re tested with a mixture 
strength approximately 5 per cent weak in each case. Only in the 
case of engine B could the exact mixture strength be determined 
by simultaneous measurements of the air and fuel, but by applying 
the curve sliowing the relationship between mixture a'^trength and 
M.E.B. obtained from engine B to engines A and C, in both of which 
the mixture strength was varied over arwide range, it is possible 
to determine with reasonable accuracy the corresponding mixture 
strength in each test on the pther two engines. 
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The en^ne speeds corresponding to a gas velocity of 1 in ft. per 
sec’ond through the’ valves are ; 

^ X • 


• 

• 

A . 

e 


R.P.M * 

1 750 

1750 

•1250 

- 


i i 


Piston speed, ft. per min 

licit) 


22!CO 

1 


All three engines were tested without any pre-lioatiiig 1o the 
carburettors or induction system. 

The mean results from a large number of tests are givt'u in the 
following table : — 


Kngino DoHij^nation. 

A. 

b. • 


• 

B.H.P • 

8-lS 

.T)'l 

ns 

R.P.M. ..• 

1750 

1750 

12.oi) 

Mechanical cllu icn' V, p^r cent 

H5 

8(3 

88 

Brake M.E.P. ... ^ 

111 

120 

155 

Indicated M.E.P 

137-rf 

llt)'5 

1.55 

Fuel consumption, lb. per IkH.P. 




hour * 

or,5 

0-5 10 

0'180 

Fuel consumption, lb. per l.H.P. 


0-1 58 

0*122 

hour ... 

0'i.5t; 

Brake thenflal elHciency 

21ffi % 

20-1 % 

28 1 

Indicated thermal efficiency 

29-() 

.50-8 

:i2-0‘;o 

1 


It should be noted that the above figures are talcen from test 
results when all three engines were o])erating with a mixture strengtfi 
containing about 5 per cent excess of air. A slightly higher th(‘Tmal 
efficien'ey could be obtained in each case by weakening the mixture 
a further 10 per cent and a somewhat higher power by enrich ilig it. 
The ideal efficiency for the three engines for a mixture :;trcng1h 5 
per cent weak and for a compression ratio of 4-84 is approximately 
36-5 per i^ent, so that th*e relative efficiencies beijome 81-0 jier cent, 
84*5 per cent, ancf 87- 7 per cent respectively. • 

At these** revolutions the mechanical effic iency (*f the^ three 
engines is 83 per cent, 86 per cent, and 88 per cent respectively. The 
brake mean effective pressure i^ in the three cases 114, 126, and 
135 lb. per square inch respectively. The corresponding indic ated 
mean pressure is 137-5, 146-5, and 153^ lb. per square inch. 
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Since the valve-opening diagrams and the mean gas velocity 
were the same in all cases, it may be presumed^that the volumetric 
efficiency was a}so very' nearly the^samer 

Fig. 23 shows the brake and indicated ‘thermal effi^noy and the 
brake apd indicateji ihean efEectfye pressure in terms of cubic inches 
01 piston displacement per minute for the three engines. It is 
interesting to note* that the relative results are in fai^'ly close agre^.- 
ment with those obtained fey the Gas-Engine Research Committee 
from three slow-running gas-engines, though they cover a somewhat 
wider range of cylinder size. In the case of the high-speed petrol 



engines, the compressJon ratio is considerably lower and the flame 
temperature very much higher, as is obvious from a comparison of 
the mean^{)ressures, for despite the, lower compression the indicated 
mean pressure of '^^he C engine is I S3 lb. per square inch, or very nearly 
double that of the X engine tested by the Gas-Engine .Research 
Conimittee. In spite, however, of the much higher temperatures, 
the proportionate heat flow to the cylinder jacket in the* case of these 
smair high-speed engines is actually lower than in the gas-engines, 
while the ratio between the actual and ’the ideal efficiency is sub- 
stantially the same. 

Heat balance tests were ^taken from engines A and B, but not 
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The en^ne speeds corresponding to a gas velocity of 1 in ft. per 
sec’ond through the’ valves are ; 

^ X • 


• 

• 

A . 

e 


R.P.M * 

1 750 

1750 

•1250 

- 


i i 


Piston speed, ft. per min 

licit) 


22!CO 

1 


All three engines were tested without any pre-lioatiiig 1o the 
carburettors or induction system. 

The mean results from a large number of tests are givt'u in the 
following table : — 


Kngino DoHij^nation. 

A. 

b. • 


• 

B.H.P • 

8-lS 

.T)'l 

ns 

R.P.M. ..• 

1750 

1750 

12.oi) 

Mechanical cllu icn' V, p^r cent 

H5 

8(3 

88 

Brake M.E.P. ... ^ 

111 

120 

155 

Indicated M.E.P 

137-rf 

llt)'5 

1.55 

Fuel consumption, lb. per IkH.P. 




hour * 

or,5 

0-5 10 

0'180 

Fuel consumption, lb. per l.H.P. 


0-1 58 

0*122 

hour ... 

0'i.5t; 

Brake thenflal elHciency 

21ffi % 

20-1 % 

28 1 

Indicated thermal efficiency 

29-() 

.50-8 

:i2-0‘;o 

1 


It should be noted that the above figures are talcen from test 
results when all three engines were o])erating with a mixture strengtfi 
containing about 5 per cent excess of air. A slightly higher th(‘Tmal 
efficien'ey could be obtained in each case by weakening the mixture 
a further 10 per cent and a somewhat higher power by enrich ilig it. 
The ideal efficiency for the three engines for a mixture :;trcng1h 5 
per cent weak and for a compression ratio of 4-84 is approximately 
36-5 per i^ent, so that th*e relative efficiencies beijome 81-0 jier cent, 
84*5 per cent, ancf 87- 7 per cent respectively. • 

At these** revolutions the mechanical effic iency (*f the^ three 
engines is 83 per cent, 86 per cent, and 88 per cent respectively. The 
brake mean effective pressure i^ in the three cases 114, 126, and 
135 lb. per square inch respectively. The corresponding indic ated 
mean pressure is 137-5, 146-5, and 153^ lb. per square inch. 



CHAPTER IV 

INFLUENCE OF FORM OF COMBUSTION 
' CHAMBEl^^ 

Of all the features of design which control both the power output 
and efficiency of an internal combustion engine, by far the most 
important ‘is tlie form of the combustion chamber. Upon this 
depends not only the efficiency with which the fuel is burnt', ^and 
therefore the power output and efficiency of the engine, but also, to 
a very large extent, the liability to detonation ; and detonation by 
limiting the compression ratio that may be used sets an additional 
limit on the efficiency. ^ . , 

In the design of the combustion chamber -tlie inCrf^b important 
considerations are : 

(1) The maintenance of the turbulence set up by the gases during 
their entry ; 

(2) ,The position of the ignition plug ; 

(3) The avoidance of any pockets where the gases m^^y become 
stagnant ; 

(4) The provision of a free and unobstructed entry for the gases 
after passing through the inlet valve. 

Turbulence.— The maintenance of turbulence until the time of 
ignition is probably the most important consideration of all, for upon 
turbulence depends^the rate at which combustion takes place. If 
the cambustible mixture were completely stagnant at the time of 
ignition, thy initial flame brought into life by the passage of the 
spark across the ppints of the ignition plug would 'spread so slowly 
that, even in a comparatively slow- speed engine, barely half the 
working fluid would be burnt before the exhaust valve opens. No 
matter what fuel be used (except possibly hydrogen), we have to rely 
almost ‘entirely on turbulence or mechanical disturbance to distribute 
the wan and timid flame rapidly throughout the combustible mixture, 
and this becomes the more importaht as the density of the charge 
is reduced by throttling ; for^ as the density is reduced so is the 

88 



INFLUENCE OF ^ORM OF COMBUSTION CHAMBER 89 

proportion of residual exhaust products increasefi*' and t hese. l)ein^ 
dihients, * tend to Ijwer the Hanie temperature and so greatly to 
discourage and retard the process of inflaiYuncition . \('e rely, tliere- 

fore, entirely, upon mechanical disturbance, or turbulence, to speed 
u^ the process of combustion an-l to spread* inflammation rapidly 
throughout the whole bulk of the working fluid. ' 

^ Apart., however, from the question of acceh'tating coutbustion, 
turbulence plays in all probability aift)tlKw and lilghly important 
part-. In any internal-combustion engine cylinder there is, always 
a layer of working fluid adhering more or less to the cold cylinder 
walls. This, by its close ])roximity to cool surfaces, can get rid of its 
heat so rapidly tlnjt it escapes complete (^ombiistion. It is upon 
turbulence thet w? have to rely, to scour away this layer and to 
distribute it throughout the combustion chamber. There is little 
doubt but that the eftectivj thickness of this layer, and its influence 
upon the power output and efficiency of an engine, dppejid largely 
upon the degree of turbulence within the combustion chamber. 

Turbulence in its ■Jf . so far as the author has been able to ascer- 
tain, ha^^ little or no direct inflvence upon the tendemy of the com- 
bustible mixture to detonate. If the mixture is completely stagnant 
and ignited from any one point, the flan^ will extend from that point 
very slowly at first, but at a steadily increasing velocity until ulti- 
mately it readies a speed at which thebmburnt gas, compressed by' 
the rapidly approaching flame, receives heat from compression, and 
also by radiation and conduction at a rate in excess of that at which 
it can get rid of it to the cool cylinder walls, with the j’csult that its 
temperature is raised above its self -ignition temperaturii. It then 
ignites spontaneously and almost instantaneously throughout its 
whole bulk, thus seating up an explosion or detonation wave. If 
instead of being stagnant the combustible mixture is in a state of 
violent disturbance at the time when ignitioji is started, the whole 
process is speeded up enormously ; but it is the ivhole process tiiat is 
so speeded up and not any one part ’of it, with the resJt that the 
phenomena are ]?recisely the same, though on a. different scale so 
far as speed is concerned. 

It is generall^^ supposed that a combustion chamber having ^ 
large surface in relation to its volume ovves its low efficiency entirely 
to direct heat loss to the cylinder walls, but in Chapter TIL we 
have seen that direct heat loss j)lays a relatively small part in the 
performance of an engine, and it is far more probable that this form 
of combustion chamber owes its lo\^i efficiency rather to the fact 
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that not only is the area of the layer of gas which clings to the walls 
and so escapes combustion considerS^bly grc^atec, but, in addition, 
its thickness also, is greater, due to^the ffict that in such<a chamber 
there is more resistance to^he motion of the gases, An^/h% scouring 
effect of turbulence is*therefore Itp/. Although it is not possible^ to 
state Vlehnitely that this is the case, yet there is a great deal of pre- 
sumptive evidence dn favour of sucli an aissumption ; not the lea,^j 
of which being. that in any ‘given design of combustion chamber an 
increase in turbulence, e.g. by increaeing the velocity through the 
inlet valve, will often produce an increase in efficiency without 
altering in any respect the flow of heat to the cooliAg water. This, 
in itself, would notd)e conclusive evidence, but coupled with a great 
deal of other indirect evidence it carries a good deal of weight. 

Position of the Ignition Plug. — The position of the igpition 
plug in tlie combustion chamber is very important, for upcfH it 
depends : ^ 

(1) The tendency to detonate ; 

(2) The time talcpn to complete combilstioiv 

When dealing with the subject of detonation, it has be«n shown 
that the process of inflammation spreads from the point of ignition, 
slowly at first, but with a^ rapidly increasing velocity, and that 
detonation occurs when this velocity exceeds a certain rate in 
•relation to the flame temperature. It is-<3lear, therefore, that the 
greater the distance that the flame has to trayel before reaching the 
farthest corner in the combustion chamber, the greater will be the 
tendency to fletonate, and that, in order to reduce detonation to a 
minimum, the combustion chamber should be compact with the 
ignition plug as nearly in the centre as possible. Apart from the 
question of distance alone, the tendency to detonate depends also, 
in all probability, upon the temperature of the surfaces against 
which the unburnrgases are driven by the burning portion, because 
this governs largely the rate at which they can get rid of their h^at. 

From l^iis argument it would appear evident that, for an equal 
tendency to detopate, the distange from the point of ignition to a 
hot surface should be less than that to a cool surface. The hottest 

t • 

surface m any combustion chamber is the head of the exhaust valve. 
It follows, therefore, that in order to reduce the tendency to de- 
tonate to a minimum the ignition plug should be placed not quite in 
the centre of the combustion chamber, bub with a bias towards the 
exhaust valve head. 

As illustrating the importiance of *the position of the ignition 
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plug in relation to the tendency to detonate, the author would (piote 
t\\^ extreme exaIn^les which he has examined. In one the engine 
had a combustion chamber with the in^t ii*nd i^xliaiust valves 

on eitheff of the cylinder and with the ignition plug placed 
vej:ticall^ over the inlet valve, eo ^at inflamiAation spread frotu tlie 
ignition plug across the head of the cylinder and so into a shalkAV 
ji^cket, bounded on one side by the hot exhaust’’ valve head* and on 
the other by an uncoolcd cap for the Removal of this valvcc This 
engine detonated very heavily, and could only be run at full py wer on 
petrols containing a large proportion of aromatics, despite the fact 
that its comprest^ion ratio was only 3-9:1. Its power output^ and 
efficiency were very.poor in consequence both of t/he low com])ression 
rate and of the kte ignition timing necessitated in order to avoid 
detonation. By removing the ignition plug to the centre of the 
cylihder, tlie same engine would run without detonation on any 
ordinary ccmmercial petrol, while its best power output ,and efficiency 
were obtained witli about 12"^ less ignition advance, indie*, at ing that 
the time taken to c(jrfiiplete combustion was reduced to this extent 
or by abo\it 0-0010 second. At the other end of the scale is an 
engine with overhead valves with no valve pockets and with the 
ignition plug litted exactly in the centr^j of the cylinder head. . This 
engine would run on any commercial petrol at a compression ratio 
of 5-4 : 1 and that without a trace of detonation, and in consequence* 
gave a very high power output and efficiency. These, of -(‘ourse, 
are extreme instances, but they illustrate how important a ])ai-t the 
position of the ignition, plug a(4ually plays. 

Apart from the question of detonation, the distance from the point 
of ignition .to the farthest point in the combustion chamber controls, 
for an equal degree of turbulence, the time taken for inflammation 
to spread throughout the working fluid. This is very im])ortant, 
more ’particularly so on light loads, for, otjier things being equal, 
thjfc rate of burning depends upon the flame temperature, and this, 
in turn, depends upon the pronortioft of residual exhaust products. . 
As the load is reduced by throttling, so is the proportion of inert 
gases i^^creased, and, in consecyience, the flame temperature is 
reduced and wi^h it the rate of burning.* It may be argued that, 
within limits, the rate of burning matters but little, because it is 
always possible to advance the time of ignition to suit. This, how- 
ever, does not quite meet the, case, even on full load, for, if the 
period of combustion be prolonged unduly, the direct heat loss to 
the cylinder walls at this vital period may begin to assume serious 
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proportions, while when the load varies rapidly, as it does in all 
forms of motor traction, it becomes almost impbssible so to adjnst 
the time of ignitiqn a^ to suit all cojiditiois. * •• 

If the plug ‘is placed centrally in the combustiqr^ch^imber, a 
small ignition advance will serve^^or'all conditions of speed or k)§d, 
and tile engine will run dt all times at a high efficiency with fixed 
ignitiorf timing. If, however, the plug is placed in such a position 
as to leave a long travel fot^the flame, not only will a considerable 
ignition advance be required at full load, but the engine will, at all 
times, be much more sensitive to the tiege of ignitiop, and will not 
run efficiently at light loads unless the ignition is advanced very 
much further than*on full load. It should be yoted that both the 
time taken to complete combustion and the tendency to detonate 
depend, for equal decrees of turbulence, upon the absolute, not the 
relative, distance from the sparking plug<»to the farthest point in* the 
combustion cjiamber. Thus, both the time of combustion and the 
tendency to detonate will be nearly the same in a cylinder of 8-inch 
diameter with the plug in the centre as in one of 4-inch diameter 
with the plug at one side, or for similar plug positions both the 
tendency to detonate and the time of combustion wTIl be greater 
with the larger cylinder. This factor would militate against the 
large cylinder were it not for the fact that in tlie larger cylinder 
•turbulence is the better maintained, the*^ases are in more rapid 
motion^, and combustion therefore spreads relatively /aster. Hence 
the efficiency does not suffer, though the tendency to* detonate 
necessarily remains greater in the larger cylinder. 

That the valves shall open freely into the combustion chamber 
is so obvious as to need no comment, yet it is only too common to 
find that, in an endeavour to fit the largest possible valves, designers 
have apparently overlooked this point and have neutralized their 
efforts by failing tTproyide sufficient space between the valve* head 
and the side walls of the chamber. To restrict the area of entry 
between tl^ head of the inlet valve and the ^de walls of the com- 
bustion chamber is worse than to provide inadequate valve area, 
since it tends both to heat the incoming gases to a greater, extent, 
and causes wire-drawing 'without the compensating advantage of 
additional turbulence, for the initial velocity of the entering gases 
is the more quickly damped out when they impinge against the 
rough walls of the combustion chamber. ^ 

In the design of the combustion channber the three points to be 
aimed at are : 
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(1) To provide a chamber into which the valves open directly, 
10 ^hat after entry ithe gases need turn no corners and so lose tlieir 
nltial vel^ity ; ^ ^ ^ ^ • 

(2j To arrange that the sparking plug be placed centrally in the 
jombustu)!! chamber ; * . 

*(3) That there should be no valve or other ^)ockets whe^<' the 
^ses may become stagnant. • » , ^ 

At first sight it might appear ^at tlie ideal combustion 
diamber would be a true sphere, but altliough this would be exc'cllent 
‘rom the point of view both of surface-volume ratio and of turbu- 
ence, it would be ideal only if the point of ignition were at the 
centre, which is obviously impossible. Since tfie point of ignition 
uust of necessity be situated somewhere on or very near the surface, 



it follows that the distance which the flame will have to travel will 
be equal to the full diameter of the sphere, and this will give rise 
to detonation and necessitate the use of a lower compression ratio, 
with consequent loss of power and efficiency. Pi>:)bably the nearest 
practical approaches to the ideal combustibn chamber are ^thqse 
shown in figs. 24 and ^ 25. Fig. 24 represents the combustion 
chamber of a snail racing engine which, though only 3J" bore 
and 3|" stroke, developed over 20 B.H.P. at a speed of 4300 R.P.M., 
while fig! 25 (see .plate) ’shows a jfection o^ the cylinder of a large 
experimental engine developing about 100 B.H.P. p^ 

cylinder at 1200 R.P.M., ajid an indicated thermal efficiency pf 35*5 
per cent on ordinary aviation petrol. 

These forms, while almost ideal on thermo-dynamic grounds, 
are net very convenient froip a mechanical point of view, because 




94 * the INTERNAL-COIV^BUSTION ENGINp 

they necessitate •the use of overhead valves operated from two 
camshafts, for the central position of the sparicing plug precludes 
the u^ of a central ovefhead camshaft. They are, however, par- 
ticularly applicable .to sleeve- valve engines, and the fact that they 
are inherent to this type of engine is, in the author’s opinion, one 
0^ tlif strongest jirguments in favour of the sleeve valve. For 
engines required tq^develop a very high pQwer output and efficiency, 
similar forms of combustioii chamber, but with the sparking plug 
placed at the side, are very commonly employed, and are, indeed, 
practiclilly imiversal for all aircraft engines. The effect, however, 
of placing the plug at the side is to increase botlf the degree of 
ignition advance and the tendency to detonate, and so necessitate 
the use of a somewhat lower compression ratiS and a consequent 



Fig. 26 


reduction both in power and efficiency. By using two sparking 
plugs, however, placed at opposite sides of the combustion chamber, 
this disadvantage can largely be overcome, for the distance which 
the flame has to travel from the point of ignition until combustion 
isjcompleted is then allnost halved ; but this assumes that the two 
plugs are synchronized perfectly, by no meams a safe assumption when 
two magn?^tos are used, but probably quite safe \^ien the primary 
circuit of two high-tension coils is broken by/i single contact breaker. 

The form of combustion shown in fig. 26, in which two hbrizontal 
Valves are placed in a small cylindrical combustion chamber, is one 
of the best possible from the point of view both of detonation and 
combustion efficiency so long as the cleaj’ance between the piston 
and the cylinder head is reduced to the very limit necessitated by 
mechanical considerations, and so long^also as the engine runs at a 
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comparatively low piston speed and therefore does not requfre 
large valve^. It is thei;efore a particularly efficient form for sliort- 
stroke engij|;^e#, but though excell 3nt for po^er output aud offieicncy 
it is uj'iortunately very inconvenient from ‘a luecliaiiical point of 
view wheji applied to a vertical engine on jj,ocount of tlie valve 
opdtation and pipe work. * . , 

The form shown in fig. 27 , ifi wliicli the inlvt valve is ^)laccd 
v^ically overdhe exliaust in a side-po^Jcet, and in whicii l)i>th tlie 
piston and cylinder crown are concave, is surprisingly efficient in 




maintaining turbulence despite the fact that the Vcilves are pocketed, 
but, as may be expected with so long a travel for the flame, it is ve^ 
bad* from the point of view ot detonation and therefor^ can only 
be used with a bw compression ratio. With this form’ of com- 
bustion chamber and \^ath the sparking plug fitted in the valve 
pocket, the tendeicy to detonate isp considerable, while with the plug 
fitted on th^ side, remote from tl^ valve pocket, it is one of the 
very worst possible forms, /rom the point of view of detonation, as 
indeed might be expectec^. This form, therefore, necessitates the 
use of a low compression ratig, but gives a very good power output 
and efficiency at that compre^ion. 
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The form shown in fig. 28 is one which the author patented some 
years ago for use either with side by side valves or when one valve 
is fitifed vertically over, the other in a side pocket. I;i this type 
the whole of the comlbu^tion space is concentra-^ed in the valve 
pocket, and there is ^ restricted communication with th^ cylinder, 
vihih^ the clearance between the piston and cylinder head is redifbed 
to the ^lowest poss\ble limit. The objects, of this design are : 

(1) To produce the mayimum of turbulence by creating adSi- 
tional mechanical disturbance during the compression stroke, and 
more particularly during the last portion of this stroke when the 
gases entrapped between the flat pist'on and cylinder head are 
ejected violently into the combustion space. ‘■ 

(2) To combine the use of side valves with ‘a compact and deep 
combustion chamber and one in which the sparking plug can be 
placed almost centrally while the extreipe distance which the' flame 
has to travel is reduced to the minimum. 

This f6riifi of combustion chamber has proved almost comparable 
both in power output and efficiency with the overliead valve type, 
while, from the point of view of detonation, it is certamly very 
good. That in power output and efficiency ih-is notn^uite equal to 
the overhead valve type is due to : 

(1) The presence of a thin layer of gas (from 4 to 8 ])er cent of 
the total quantity) entrapped between the piston and cylinder head. 
In this position it is so cliilled that it does not burn until the piston 
has descended some distance ; hence it is burnt at a lower efficiency. 

(2) Since, the valves do not open directly into the cylinder the 
volumetric efliciency is lower, though, since turbulence is created 
during compression, it is unnecessary to rely on the velocity through 
the inlet valves, and larger valves can be used when the cylinder 
centres will permit of this, or when the valves are placed vertically 
over one another kistead of side by side, as is more usual. 

Since the thicknesh of the layer of gas entrapped between the 
piston and cylinder crown is governed hi/ purely mechanical con- 
siderations, and may be taken as constant, it follows that the pro- 
portion which this bears to the Whole depends upon the length of 
stroke — the longer the stroke the more efficient does thife form of 
Combustion space become. 

Th^ form shown in fig. 29 may be tak^n as the conventional type 
for side- valve engines. It is bad, both ^rom the point of view of 
turbulence and of detonation, \vith tfle result that not only is the 
efficiency and power output low for ,any given compression ratio, 
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but only a comparatively low compression ratio can be used, on 
account of detonation. To minimize the latter and generally to 
make the best of a poop form, the ^sparking plug should bf, placed as 
nearly in the centre of the combustion, space as possil^le. This 
form of combustion < space is p^irticularly unsuitable fon a short- 
s^Jroke engine, because it then becomes very shallow, Avith the result 
that tilrbulence is*' still further reduced by surface friction, and, as 
the apea of surface is very large, the stagnant layer (5f gas adhering 
to thi^ surface and only partially burnt, or burnt late, and, therefore. 


very inefficiently, assumes a serious prop(;>rtion of the whole, probably 
in many cases as liigh as 25 per cent. • ‘ 



Fig. 29 


The form shown in fig. 30 is also a conventional form, and from 
a mechanical point of view there is much in its favour for multiple- 
cylinder engines, since it permits at once of the use of large valves 
and close cylinder centres ; it is convenient also from the point of 
view of pipe work and of vafve operation ; but when this has been 
admitted, there is little else in itsTavour, for, oK thermo-dynamic 
grounds, it would be hard to find a wor^e shape. It affords the 
longest travel for the flame of any type, and it provides the maximum 
of surface and of surface friction, hence it is bad from the point of 
view both of detonation and turbulence, though, if the sparking plug 
be placed in the centre of the cylinder, it is but Uttle worse from the 
former standpoint than the side- valve type. 

The various forms of combustion ohamber described abov6 cover 
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practically all the possible shapes, with the exception of a few freak 
forms which '{lave nothing to recommend them, and owe their origin 
merely to -. he desire to be Uiiconventional. ' 

It is difficuit to assess the merits of the different types described 
abcjve in ^quantitative terms, because so much de])ends upon the 
detail design of each paiticular ^xample. The author has. it his 
laboratory, tested a large huinber of engines with each of the forms 
described above : out of these it is possible, by (^areful analysis, U) 
select examples which are nearly similar in most res])e(is othei than 
the type of combustion chamber. The table on following pag(‘ has becui 
compiled from such tests of engines in which the gas velocity through 
the valves, the valva opening diagram, and several otlier conditions 




were identical, while the mechani(ail losses in all cases were deter- 
mined, and the highest compression ratio consistent with freedom 
from detonation on a standard petrol was determined also. In this 
table it* is assumed that with each type of combustion chamber the 
compression ratio was such that detonation could just l)e avoicted : 
this was found in^eacb instance by ffsing a special petrol which 
detonated with extreme readiness, and by adding just sufficient 
toluene t^ check detonation, the relation between the proportion 
of toluene needed and the highest safe compit3ssion ratio liaving l)een • 
determined previously by tests on the author’s variable compression 
engine. 

The figures given in tlfis table are corrected also for cylinder 
capacity in accordance with the results quoted in Chapter III. 
This correction is necessarily gomewhai empirical, but since, in all 
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J 

‘ Typo of Combustion. 

. ‘ f t- 

* « 

t 

Comp. Rati(f 

Relative Power 
Output and 
•f Efficiency. 

^ 1 


f 

G « 

^Four valves rortf with sj)arking plug in centre 

5-4 : 1 

,Pcr cent. 

m € 

Five^yalv(‘H vertically in head, sparking ])lug in 
centre, stroke-hor^ ratio 2:1 

5-4 : 1 

100 

Valves V(‘rtically in head, 2 sparl'ing plugs at oppo- 
' site siih's 

.T2:l 

r 

97 

Valvus vertically in head, I sparking plug alf side ... 

5-0 : 1 

94 

Inlet over exhaust, sparking plug in c.entre 

1-7 :'l 

87 

Inlet over (‘xhaust, sparking plug in valve pocket... 

1-5’ : 1 

85 

Inlet over exhaust, sparking ])lug opposite valve 
pock(‘t 

« 

! j 

80 

Si(l(‘ valv('s, special high turbulence design, lig. 2S, 



8trok(‘-l^)or(‘ ratio 1-4:1 

TO.l 

88 

Side valves, sp(*cial high turbulence design, fig. 2S, ■ 
extra long stroke, ratio 2/1 but otherwise* similar 

5-0 . 1 

90 

Side valve conventionul tvfie, with plug in cc'iitre of 
combustion space 

c 

4-(; : 1 

, 80 

Side valve convi'iitional tyjK*, with plug directlv 
over inlet valve 

« ' 

T1 : 1 

77 

1 

T(‘e head, fig. 30, with plug in centre* e)f e ylmde*r heael 

1 ' !•() ; 1 

1 

80 

Tee heael, with ]>lug dire*ctly over inlet valve 

4-2 . 1 

75 


cases, the c^ylinder size did not vary greatly, tlie influen(*e of the 
correction is, in any case, a very small one. 

For convenience, the best form of combustion chamber is taken 
as 100 per cent elficient and the relative power output and efficiency 
of the others is expressed in terms of percentage of the best example. 

The comparative figures given in the above table are, of course, 
purely empirical, and' are l)ased on average results. It must not be 
sTipposed that of any one general type of combustion chamber a 
more efficient example cannot be unade by dint^. of careful design ; 
but this, of course, applies to all’tyj^es, and does not affect the com- 
parison except in so far that there is naturally a^ somewhat greater 
^ scope for improvement m the less efficient t}^es. 

As explained previously, the limiting compression ratio is de- 
pendent to some extent u])on the size of cylinder, because cylinder 
size is one of the factors wliic'h determine*s the distance the flame has 
to travel from the sparking-plug points. The figures in tfip above 
table are, however, all based on the*^ assumption that the cylinder 
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capacity is in the neighbourhood of 100 cub. in. in eacli case, and 
4 to 5 in. bore. * ^ 

Detenftiination of the Combustion Chamber Efficiency, 

— It haf bejn shown that the efficiency of tlie combustion 
chamber ns the most important 'of all the lac-^ors which control 
both the power output and the thermal efficiency of an engine. ♦ Ur\- 
fo/tunately, however, it is, in most cases, very di'ihcult to determine 
even the relative efficiency of two diflt^rent designs. of combvstiun 
chamber, particularly in the ca";e of multiple-cylinder engines, because 
irregularities in distribution play so impoitant a part as to rendei; 
a determination based on the known consumption of fuel per horse- 
power hour of very jittle value. It is very commonly found that, of 
two engines the measured fuel consumption per h()rse-])ower liour 
is the same, despite the fat^t that one may have a considerably more 
efficient combustion chamler than the other. At first, it would 
appear that the design of both engines is ecpially efficient, )vhereas in 
fact the former is mu(*h the more efficient of the two, but the practical 
value of its high inherent efficiency has been annulled by gr(‘ater 
irregularities in distribution. Were it practicable to change the 
whole distribution s^^stem from one engine to the other a v(ny 
marked change in efficiency would at ouce be observed; but this in 
practice is seldom, if ever, possible, because in almost all existing 
designs of multi-cylinder engines a considerable pro])ortion of the ‘ 
induction passage is epibodied in the cylinder casting, so that the 
whole distribution system is seldom, if ever, inten^hangeable as 
between two engines with difTerent forms of combustion chamber, 
hence it is often very difficult to determine the relative merits of 
two difTerent forms, large though the difference may be. 

The most practical method which the author has yet found for 
determining the true efficiency of a multi-cylmdered engine inde- 
pendently of all irregularities in distribution,, defective carburation, 
etc., depends upon the fact that in the case of any hydro-carbon 
fuel or alcohol the heat energy liberated by the combustion of any . 
given weight of aif is almost exa(‘t>y the same, however much excess 
of fuel may be present, provided always that there is an excess of 
fuel, or, in other w^ords, so long as the mixture is over-rich the thermal 
efficiency, bilsed on that portion which is burnt, will be the same 
over a very wide range of* mixture strength on the rich sidd, with 
the result that over the range from 5 per cent rich to 35 per cent rich 
the heat liberated by unit weight of air is constant to within extra- 
ordinarily narrow limits 
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If, now, instead of measuring the weight of fuel consumed, we 
measU(’‘e the air consumption and calculate 'the efficiency obtained 
in terms of lb. of <air bon^fumed perdiorse^power hour, we §Jiall arrive 
at a means of determining* the true thermal efficiency ^of ai> internal- 
combustion engine, irrespective of any losses due to irregularities in 
distr illation, defective cafburation^ precipitation of liquid fuel, etc. 
If, by air measufement, we find that thb thermal efficiency of ^.n 
engine is low, then we know* that the combustion chamber design is 
at fairit, and that no amount of jugglirlg with the carburettor or 
distribution system will avail. % 

On the other hand, as so often happens, an §Agine apparently 
well designed and ^Vith what would appear to b^ an efficient form of 
combustion chamber shows on test a very poor fuel economy; in 
such a case, we can,^ by ascertaining the air consumption, determine 
at once whether the fault lies in the engine design or in that of its 
distributio'n system. Given reliable means for measuring accurately 
the air consumption, it is necessary only to set the carburettor to give 
a rich mixture, in practice to set it to the mixture giving maximum 
power (which on petrol is about 1^ to 20 per cent rich) mud take 
readings of air consumption ; all that is needed being to ensure that 
the mixture strength is such that the weakest cylinder in the group 
is receiving a mixture not less than about 5 per cent rich. Since there 
is an extremely wide range available beyond this, i.e. up to about 
40 peY cent rich (after which combustion becomes delayed again as 
on the weak side), this presents no difficulty whatever. 

The absolute value found for the thermal efficiency by this method 
is, in all cases, somewhat higher than that obtained from the fuel- 
consumption readings when working with the most economical 
mixture strength, and this is so even in the case of single-cylinder 
engines, where distribution losses can be almost entirely eliminated, 
the difference being due to : 

‘ (\) The larger increase in specific volume when an over-rich 
mixture is*used. ' ^ 

(2) The slight loss due to condensation of liquid fuel on the 

cylinder walls which escapes combustion and ultimately^ finds its 
?vay past the piston into the crankcase. * 

(3) The small loss due to precipitation of liquid ’ fuel on the 
walls of the induction pipe ; this fuel enters the cylinder in gulps of 
liquid which are not completely vaporized, at any period during 
the cycle. 

(4) The small loss of liquid or vapour due to “ blow-back,” or 
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reverse flow in the induction pipe due to the sudden closing of tlie 
inlet valve. • * ^ 

Once air consumption is known, 4)ie ♦thermal efficiency of 
any engi^^e cap be deternr’ned from the formula . 

• • e=(,t- ): c,- 

\lb. ot ap per hour/ 

vfhere C is a constant representing the^r.mount of heat liberated by 
the combination of 1 lb. of .air ; for all petrols it may be taken as l OO. 

The following table gives the effective calorific value, the mixture 
strength for complete combustion in terms of air/fuel ratio b^ 
weight, the amount of heat liberatcvl by the combination of 1 lb. of 
air, and the value bf C in the formula above, for a representative 
selection of fuels, from which it will be seen that over the whole 
rangp of available fuels the heat liberated by tlie combination of 
1 lb. of air is substantially the same. 

The figures given in the fourth column are calculated as for a 

^ ' Table I 


0 

Fuel. 

Effective Ivower 
OalonHc Value 
B.Th.Uspcrlb. 

Air Fuel 
Ilatiu. 

• 

Heat liberated 
bv 1 lb. of Air 
' B.Th.U.s. 

Value of 
Constant. 

Potrol sample's- — 

(1) •- 

19,200 

• 

15-05 

1275 

197‘0 

(2) ... 

19,020 

14-7 

1295 

1950 

(3) 

19,120 

11-8 

1293 

195-5 

(1) 

18,9(X) 

14-6 

1295 

195-0 

(3) 

ID.O'JO 

14-9 

1282 

197-0 

(«) 

19,250 

15-0 

1285 

196-5 

(7) 

18,920 

14-7 

1288 

196-0 

Kerosene ... 

*19,100 

15-0 

1275 

197-0 

Hexane 

19,390 

15-2 

1275 

197-0 

HeptaTne 

19,420 

15-1 

• 1285 

190-0 

. — ^ 

Benzene 

17,430 

13-2. 

1320 

192-5 

Toluene ^ 

f 17,660 

13-4 

1315 



193-0 

Cyclohexane 

18,940 

14-7 

1290 

11)6-0 

Heptylene 1 

19,320 

14-7 

► 1320 

192-5 ^ 

Ether 

16,830 

13-0 

1295 1 

195-0 

• 

Ethyl Alcohol — 



i 

1 


99 per cent 

11,950 

8-95 

1333 

190-0 

95 

11,125 

• 

8-4 

1330 

190-5 
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mixture giving complete combustion, as also the value of the constant 
C ; bu*^ over a very wide range of mixture on thu ric^h side, the variation 
is, in all cases, VQry smak indeed, and appears to be afm68t exactly 
the same in the cas6 of all* volatile liquid iuels, so fh^t tliQi possible 
error due to variation^ in mixture* sti'ength is extremely small. ^ 
Tl\^ following tables. Nos. II to IV, give the results of typical 


, ^ Tablp: II 

Petrol R = 5 : I, Sample No. 4 
Date of test, 5/7/21 


Mixture Sirc'ngth. 

LI). .)f All- 
|)(‘r Hour, 

Indicated 
Mohn PrcH- 
.suro, !b 

Indicated 

Horse- 

l^)^v'er. 

i.,?). of Air 
per l.H P. 
flour. 

Ind leak'd 
Tliernial 
Lffieiency, 



per 8(|. m. 


r 

Correct 

lOO-O 

132-0 

32-0 

6-13 

IVr cent. 

32-1 

Plus 5 % ^;xceHs fuel 

19(r5 

135-0 

32-7 

0-0 

32-8 

„ 10 

i 197-0 

130-5 

33-1 

5-95 

33-1 

„ 15 

197-5 

137-5 

‘33-3 

5-93 

33-2 

n 20 

• 198-1 

138-0 

33-4 - 

5-91 

33-15 

„ 25 

198-8 

138-0, 

33-4 

5-90 

M 33-05 

30 

199-5 

137-5 

33-3 . 

5-9;. . 

32 85 

„ 35 

’ 2(K)-0 

! 130-5 

33-1 

0-01 

32-7 


Maximum iticrmal cllieiency calculated from fuel consumption 32-1 per cent, j 
with mix*ture 1(> per cent weak, I 


TAniA III 

Ethyl Alcohol 90 ])er cent 11 = 5 : 1 
Date of test, 27/8/21 


Mixture Strength. 

Lb, of Air 
j)er Hour. 

V 

Indicated 
Mean JVe.s- 
Hure, lb. 
per aq. in. 

Indicatcft 

Itorse- 

Power. 

Lb. of Air 
per T.ILP. 
Hour. 

Indicated 

Thennal 

Efbeieney. 

• * 

Correct ^ * 

199-0 

< 141-0 

34-2 

5-82 

Per cert. 

32-9 

Plu.s 5 7 exce.ss fuel 

199-5 

1 13-0 

34-0 

' V 5-77 

33-3 

„ 10 

2(X)-0 

14T-5 

35-0 ! 

5-72 

33-65 

„ 15 

201-0 

1 145-5 

3.5-25 

5-70 

33-7 

„ 20 

1 202-0 

1 14l)-5 

35-5 

• 5-60 

33-75 

^ „ 25 

203-0 

1.47-0 

35-0 

5-70, 

33-7 

„ 30 

i 204-0 

147-3 

35-7 

5-72 

33-65 

„ 35 

205-0 

147-6 

.35-8 

5-73 

33-6 


Maximum thermal elliciency calculated from fuel consumption 33-0 per cent, 
with mixture 15 per cent weak. 


jfy - 
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Table IV 

♦ 

\ Ethyl Alcohol 95 per cent : 1 . • 

•* Date of 1C./8/21 * * ’ 


» 






• 

^Mixture Strength. 

• 

Lb. oi Air 
per Hour. 

Mean Prt-s- 
8ure, lb 
|)ert(i. m. 

• 

Indicftted 

Hom'- 

l*ower. 

^Lh of Air 
per 1 H.l\ 
n..ur. 

Iiuliuated 
4'lionn 1 
F.te lenev. 

' 




• 


IVi t 

Correct 

2()3-() 

1(5-0 

35-1 

5-79 

3‘4-l 

Plus 5 7 (excess fuel 

203-5 . 

146-7 

' ,35-5 

5-72 

33-() 

10 „ . 

204-0 • 

148-0 

! 35-8 

5-71 

.33-65 ' 

„ 15 

205-0 

149-0 

; 36-0 

5-70 

.3.3-7 

„ 20 

, 20G-0 

149-5 ’ 

- 36-15 

5-70 

33-7 

„ 25 

1 207-0 

150-0 

36-25 

5-70 

3,3-7 

„ 30 

j 208-0 

150-3 

3()-3 

5-/1 . 

33-65 

„ 35 

209-0 

150-5 

3()-35 

5-71 

.3.3- 1 


Maximum thermal ellicicncy (‘alculatcd from fuc'l (■onsum})tion 32'‘.) ])(t cent, 
with mixture 15 jier cent weak. • 


tests on petrol and alcoliol (the^ latter both nearly pure atul 95 per 
cent) over arwide range of mixture strengtJi from correct lo 35 per 
cent over-rich, taken on the variable compression engine desciibed 
in Chapter II, while at the foot of each table the maximum thermal 
efficiency as deduced from the fuel consunription at the most economitial 
mixture strength is given for purposes of (comparison. 

In Table V are given the results of air measurement tests at 
varying compression ratio, ranging from 4-0:1 to 7-0.: 1, the fuel 
used in this case being benzol. Here again the agreement between 
the calculated thermal efficiency from the air consumption with a 
rich mixture, and from the fuel consumption with a weak mixture, is 
on the whole very consistent. 

Sirnilar tests carried out on a six-cylinder aero-engine with a 
con^pression ratio of 4*7 : I showed an air consumption of 6-4 IJ). of 
air per I.H.P. hour oyer 'a range of siixture strength fBojn 10 per 
cent to 25 per ceXt over-rich, using standard aviation petrol. The 
air efficiency in this case.works out at 31 per cent, a figure very con- 
siderably greater 'than that obtained from the fuel consumption^ 
which was t)nly 28-2 per cent at the most economical mixture 
strength. The discrepancy in this case represents the loss due to 
irregularities in distribution, etc. A comparison of these results 
with those given previously for the variable compression research 
engine*is very interesting, all the more so because both engines have 
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Table V 

^ Varying Compresaion Ratio ^ 

^ Fuel, Benzol, aboi^^ 20 p4r cent rich ^ 

‘ Date of test, 16/10/31 


V- 

( 

» 

\ 



Indicated 

V 



< 


Indicated 

Thermal 

OomprcHsion 

V. llctif). 

Lb. 

Air per 
Hour. 

Indicat(‘(l 
Mean Pren-^ 
Muro, lb, 
per sq. in. 

Indicated 

Horge- 

Power. 

Lb. of Air 
per I. H.P. 
Hour. 

Thermal 
Efficiency 
a.s found by 
Air Measure- 

P^fficiency 
as foundr 
by Fuel 
Measure- 






ment. 

i 

ment 15 per 
cent weak. 




, 


Per cent. 

Per cent. 

4 

203 ' 

125*0 

30*3 

6*70 • 

28*8 

27*7 

5 

195 

136*5 

33*1 

5*90 , 

, 32*8 

32*0 

6 ... .V 

189 

145*0 

35*2 

5*37 

35*9 

35*0 

7 

185 

. 152*0 

36*8 

5*03 

38*3 

37*3 


nearly identical forms of combustion chamber, very nearly the 
same cylinder capacity, and, in both cases, tl^e charge is ignited by 
sparking plugs at opposite sides of flie combustion chamber. That 
the aero-engine does not show, by the air-consumption' test, so high 
an efficiency as the researcl^ engine at the same compression ratio, 
namely, only 31 per cent as against 31-7 per cent, is to be explained 
probably by : ‘ 

(!•) Although two plugs were used they ^ were sharked by two 
separate magnetos, and therefore not so accurately synclfronized. 

(2) The *aero-engine had a relatively shorter stroke, so that 
the combustion chamber was flatter, and therefore somewhat less 
efficient. 

(3) The mechanical condition of the aero- engine was probably 
not so good, i.e. there was probably more leakage loss. 

The difference in fuel consumption was, however, niuclj more 
lAarked, for the maximiun thermal efficiency was 30-9 per pent 
reckoned, on the fuel consumption at a con’ipression ratio of 4-7 : 1 in 
the case of the single-cylinder research engine and^'only 28-2 per cent 
in the six-cylinder aero-engine. After aliomng for the different 
combustion-chamber efficiencies of the two engines, ‘the loss Iby irregu- 
larities in distribution, loss of urtburnt fuel, etc., of thfe aero-engine 
is about 10 per cent, while in the single- cylinder it is only about 2-5 
per cent. The indicated mean pressure was found to be exactly the 
same in both engines, namely, 133 lb. per square inch ; but measure- 
ments of volumetric efficiency showed that, while the research 
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engine had a volumetric efficiency at this conipressiiui ratio of 7G*2 
per cent, that of th^ aero-engine was 78 per cent, a (litTereiu*e|Whi(;li 
very appr^imately comper'sates for the loj^vjc'rTonjhuslion cliaiiibor 
efficiency^of tlieMatter engine. Again, tests caiticd out on a four- 
cylinder (xunmercial vehicle engihe with a compression ratio of 4-24 : 1 
sho*wed an air consumption of 7-75 lb. per I.H.V. hour pov 

cent thermal efficiency as against *0*58 30*4 ])er (tMit in the variable 

compression engine at the same ratto, ftom which it may \)o 
deduced that the efficiency of, the combustion (*hamber was owl v 85 
per cent that of the resear^ engine at the same com))arison ratio. 

In this particukir engine the design of the cylinder lu'ad was 
very defective, the ^valves being phiced in deep-set shallow valv(‘ 
pockets with the gparking plugs directly over the inlet- valve's. 
The fuel efficiency at the most economical mixture streaigth was, 
how(wer, about 23*8 per cent, showing that the eOi(*iency of dis- 
tribution, if such a term may be used, was, in the caije of this 
four-cylinder engine, as high as 93 per cent. In other words, this 
engine made up, to spme extent, so far as fuel efliciency was (‘on- 
cerned, for bad cylinder design l^y having a (juite unusually efficient 
distribution^^stem, but the bad cylinder design showed itself in the 
low power output obtainable, the indicijted mean effective pressure 
being only 93 lb. per square inch as against 129 lb. per square inch 
in the variable compression engine under exactly similar conditions. 
Had the voluntetric efficiency been the same in both cases, the mean 

effective pressure would have been x 129, or about 1 10 lb. per 

square inch ; that it was, in fact, only 93 lb. was due again to didect ive 
cylinder design, whereby the free entry of the gases after leaving the 
inlet valve was obstr>icted by the surrounding walls of the shallow 
valve pockets. Air measurements showed also that, while the 
volumetric efficiency of the research engine atjt-his compression rafio, 
and. at the same temperature, was 77 per cent, that of the Ioih*- 
cylinder engine was oi^ly'60 per cent,* so that the maxiimim M.E.P. . 

should have been x 110, or 94 lb. per square inch, a figure which 

agrees very closdly with the 93 ll). actually measured during th^ 
tests. This Matter is rather a striking example of an inherently 
defective engine, which showed a comparatively good ecibnomy 
because its induction system was unusually efficient. 

In the absence of any means for measuring the air consumption, 
a fair ’estimate of the efficiency of different forms of combustion 
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chamber can be gained by comparing the maximum mean effective 
pressure, but this again assumes that the volumetric efl^ciency is the 
same in both inst^ances.^ • 

Such an assumption isp, of course, not^ always Ju^tifiaWe, but it 
is at least fair to assume that the variations in volumetric "efficiepcy 
bel^ween two somewhat similar types of engine will be very much 
less, and will have'k much smaller mfluen(?e on the determination, of 
tlie CQinbustior? -chamber efiltiency, than the variations in mixture 
strength, as between individual cylinders, despite the rather ex- 
ceptional example quoted above. Whefe means are available for 
air measurement, the efficiency of any form of coryibustion chamber 
can very readily be determined ‘from the measured air consumption. 

If an engine consumes its air efficiently, the^n it is an efficient 
engine, and to render it economical in fuel is a question solely of 
carburation and distribution. If its air ‘consumption is heavy, 'then 
no amount of finessing with carburettor adjustments or distribution 
design will render it efficient. 
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LUBRICATION AND BEARING WEAR 

Three factors* iia /e to be considered in the design of any bearing : 
first, the ability to tiarry the necessary duty in the space available 
with a reasonable viargin of safety against breakdown ; next, the 
rate of wear of the bearing surfaces ; and, finally, the energy lost, in 
frictibn. 

Ifiston friction will be dealt with in a later cha])ter, sp that the 
bearings only will be consiijered here. 

These are generally of the ‘‘ plain ” or sliding friction ty])e. 
Ball and •roller bearings, being of a fundamentally dillerent nature, 
are not included. * 

Where two surfaces, apparently in (‘intact, are moving relatively 
one to the other, there are three possible cases to l)e considered. 

In the first case, that of ‘‘dry” Iriction, the surfaces are in* 
actual contact without, any lubricant. In this case the friction is 
very great, and only very low loads and speeds can b<‘ imposed 
without seizure. This case never occurs when a liearing is function- 
ing properly, so need not be dealt with further. 

The second condition, that of ” greasy ” friction, occurs when the 
surfaces, though virtrually in contact, arc actually lubricated with 
some substance which discourages their mutual adhesion. The 
lubricant in such cases appears to function by exerting some kind of 
chemical action on the metallic surfaces. ■» • 

Lastly, there ^s “ j/iscous ” friction, in which the snirfaces are . 
completely separated by a film of lubricant : this is clearly by far 
the most desirable state* of affairs^ and, fortunately, it is one which 
can easily be attained in a well-designed ffnd adequately lubrii^te^L 
bearing, and may, in fact, be regarded as the normal condition. 

In a journal bearing the necessary oil film between, the* loaded 
surface is maintained by* a wedging action, due to the fact that 
the shaft sets itself eccentrically in its journal. This is made clear 
in fig. 31, where it can be seen that^the oil in the wide space A is 
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dragged by the rotation of the shaft into the narrow space B, thus 
forciijg^ the surfaces apart. Under these circnmstances ^he frictional 
loss and the thicknesfe of the oil film for kny given conditions can be 
theoretically evaluated, and ^ it has been 
‘ found that the results so obtained hold g9od 
in ' practice so long as the bearing is not 
too heavily loaded.' These two factors— fifin 
thickhess and friction — depend, for any given 
bearing, solely- on the load, the speed, and 
tlie viscosity of the lubricant. 

The influence of these three factors is 
roughly as follows : Tnci;ease of load, aliens 
aeqnis, increases the frictio;i, though not nearly 
in direct proportion, and decreases the film tliickness. Increase of 
speed increases both the friction and the film thickness, as does'' also 
an incrca.^i in the viscosity of the lubricant. However, increase of 
either load or speed, by iiK^reasing the rate of energy loss, heats up 
the oil, and thus decreases its viscosity. 

This fact, in the case of an increase of load, to some extent 
nullifies the increased friction; it still further decreases the film 
thickness, while with increased speed the theoretically increased 
film thickness is actually reversed. Thus both increased load and 
speed tend to reduce the film thickness. 

It is clear that, as no surfaces are perfectly smooth, there is a 
limiting thickness of oil film at which the high spots of the two 
surfaces begiii to bridge across the oil film. 

At these points the oil film is no longer of appreciable dimensions, 
so that the laws of “ greasy friction ” begin to apply. The frictional 
force, under these circumstances, is, at such points, considerably 
higher than with viscous friction, and obeys totally different laws. 
The chief factor appears to be a property, probably of a chemical 
n^tture, called “ oiliness,’^ which tends to reduce friction between two 
surfaces in ‘contact. It is quite distinct from yiscosity, as quite thin 
oils, such as sperm or rape, can have it in a far greater degree than 
far more viscous substances, such as treacle, from which it appears 
to be entirely absent. Unfortunately the data oVi this subject is 
very limited and largely contradictory, but it is fairly well established 
that oils of animal or vegetable origin, wch as sperm, rape, and 
castor oils, are considerably “ oilier ’’ than the hydrocarbon mineral 
oils, while viscous substances of a “‘sticky” nature are entirely 
devoid of the property. The ^nature of surface metals appears also 
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to exert an influence, but there is no agreement as to tlie relative 
virtues of an;;^ particular metals. I 

It is ctear that if the Ribricmir has but little “ oiliiiess,” tlie 
friction a| the^^liigh spots ” will be exceedingly* higli, and that the 
heat so generated will still furthei^ reduce the tl^iiiness of the oil 
film, thereby making matters worse, and so staituig a “ vicious 
circle ” ending in seizure. ' *• 

With an oily lubricant, on the other hand, the iiicrease in frictiev\ 
at the “ high spots ” will be much less, and the lisk of scnzure 
correspondingly deferred. * 

The influence* of oiliness is thus only of importance where, 
owing to excessive loading, unsuitably disposed sin faces, or inade- 
quate oil supply, a/.*omplete film of oil cannot be maintained. It 
has apparently no influence on the friction under normal conditions, 
thougli it may enable one t .) use, in any given 'case, a t hinner oil, 
with correspondingly reduced friction, by relying, as a r|‘serve in 
case of abnormal conditions, upon oiliness rather than upon excess 
viscosity. 

To reUirn to the consideration of normal conditions, the main- 
tenance of arti^adequijte oil film necessitates efficient arrangements 
both for the removal of the heat generated and for the continuous 
replenishment of the oil in the bearing. 

The heat is got rid of, to some extent, by the oil which forms the 
actual oil film,* but mqstly either by conduction from the beilring 
surfaces, or* by excess oil which runs through or over the bearing 
without actually forming the load-carrying film. The 'advantages 
of forced lubrication are mainly due to the cooling effect of the 
ex^cess lubricant. 

The supply of oil -to the bearing is greatly facilitated by t he 
“ pumping ” action caused by alternating loads, it being found that 
any given bearing will carry an alternating Joad considerably in 
excels of the maximum steady unidirectional load. Again, a narrovt 
bearing loses a far ^rea1;er proportion of its oil through side leakage 
than does a wide one, so is correspondingly less efficient when subjei^t 
to ‘‘ natural ” lubrication, while with forced lubrication a narrow 
bearing will carr/ a heavier continuous load per square inch of , 
projected are&, because of the grea^feV quantity of oil which can be 
circulated through it and iJierefore the better cooling. It iA also 
necessary that the surfaces ^ould be of such a shape that the wedging 
action, which maintains the oikfilm at the highly loaded parts of the 
bearing* can take place, for the pressure which must exist in order 
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to carry the loacl is far in excess of any that a forced lubrication 
syste^u (ian supply. • ^ 

Fortunately, journal tbearings are ng^fcurally suitable, as explained 
earlier, but with thrust collars special n^easures have to^be taken, 
as in the Michel bearing. However, in practically all cases, in so 
far as high-speed internal-combustion engines are concerned, such 
thrust loads as ttre involved are ‘most conveniently dealt with^by 
the adoption pf ball thrust laces. 

' When conditions are too severe for even a molecular oil film to 
survive, the surfaces come into actual metallic contact with one 
another that is to say, when the oil film bccomee' so thin that the 
two surfaces come within the zone of molecular attraction, an 
exceedingly high tem})erature is at once set iip, resulting in local 
fusion of' the surfaces. In some cases such local fusion may, by 
removing a high place in the surtace of the bearing, relieve the 
loading at this particular point and so permit of the re-formation of 
tJie oil film. Unless this occurs, and the oil film re-forms imme- 
diately, the surfacjQ fusion will spread until the bearing either seizes 
solid or t he bearing metal melts and runs out. When both bearing 
surfaces are hard and of anything approaching thd same melting 
poiut, the surface fusion is generally ac(u)m])anied by ])artial welding, 
and the two surfaces become inextricnibly locked. When the 
material forming one surface is relatively soft and has a low melting 
point , as in the case of white metal, the bearing merely melts, either 
locally or (completely ; in the former case, as already pointed out, 
local melting may be due to the existence of a high spot, and the 
fusion of this high spot may at once relieve the cause of trouble and 
permit of the restoration of the oil film in time to prevent any 
further spread of surface fusion : this is possible betcause the melting 
point of white metal is well below the boiling point of the lubricant. 
Local fusion is a vej-y common occurrence in white metal lined 
beajings, especially wlien new and not too well fitted, and is pften 
quite lui^rmless. 

The intensity of heat flow when an oil film Breaks down locally 
is very surprising ; it is quite common to find two case-hardened 
^ steel surfaces fused together locally and the temper of the surfaces 
undisturbed within less than idn. from the point of 'fusion. This 
corresponds to a temperature difference; of something like 2500"" F. 
in I in. 

The case of bearings submitted to very lieavy loads and low 
rubbing speeds is somewhat different. Here the time element 
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enters prominently into the question. Since at low speeds the 
wedging action, tending to maintain the oil film, is very shfv, the 
effect of tie pumping actioh, due to change of foads is of correspond- 
ingly inc^’eixsed hnportance. There is ahilndant evidence that under 
severe loads and favourable con'ditions even broii^.e bi‘arings mav be 
crushed without breaking down the oil film. So long as facilities 
are available for the replenishment of the oil, and so long as the 
rubbing velocity is such that the product of loadii^g and rubbi>ig 
velocity does not exceed a certain figure that is to say, so hhig as 
the heat generated does not exceed the rate at which it can be dis-» 
sipated by replenishment with cool oil or by conduction — a journal 
bearing will not failjrom jnesoure. Vailures of lieavily loaded, slow- 
moving journal bepings are almost invarialily du(‘ either to an 
interruption in the oil siqiply or more freipiently to bending or dis- 
toitiun of one of the memb 'rs, causing exc(‘ssive local ])ressur(‘ and 
heat flow. The only bearings in a high-speed internal-(‘ombiistion 
engine submitt(‘d to very heavy loading with low rubbing velocity 
are the gudgeon-pin .beaiings. Experience has shown that when 
the gudg^jon-pin is siqqiorted pi su(*h a manner that it does not 
distoit appk'e^iably through bending, maximum pressures up to 
6000 lb. per square inch may quite safely be carried, without h/rced 
lubrication and without perceptible wear. 

Wear of Bearings and Shafts.' Tn view of the fact that 
most bearings ffre completely oil-borne, it is perhaps a little surprising 
at first sight that wear should take place at all, since the two surfacc‘s 
never actually come into contact. The explanation a])})c*ars to be 
that all wear is due to the abrasive action of small particle's of grit 
carried by the oil. These particles, whic-h are, for the most part, so 
small that they cannot be removc'd by filtration, are carried by the 
oil into the bearing and there embed themselves in the softer of the 
two surfaces ; thus in a white metal lined bearing the particle's of 
grit , invariably embed themselves in the soft white metal. One'e 
partially embecldc'cl they proceed to li^rj) the shaft. It is 'clear that 
only those particlc?s of grit whicli jirojec-t far enough from the softer 
material to span the oil film and sc) actually touch the other member 
can cause wear. 'Other things being equal, therefore, the rate of..* 
wear depemLs’ upon the thickness of the oil film, which, in turn, de- 
pends upon the pressure ancLtemperature the ccK)ler the lubriednt, or 
the lighter the pressure, thogreater is the thickness of the oil film and, 
therefore, the greater the distance across which the particles of grit 
must rdach before they can come in contact with the harder member. 

VOL. II. * 
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Again, the rate of wear depends upon the hardness of the sur- 
faces, (ff the materials. It is common knowledge that when a soft- 
steel shaft runs in white'«metal bearings'it is the shaft a»d not the 
bearing material which wears ; this is perfectly n&tural, ;?ince the 
particles of grit wi^jl always tendi to ’embed themselves in the softer 
surface of the two and so proceed to cut or lap the other and harder 
surface. In order'to reduce wear it is desirable that the difference 
in. hardness between the two* surfaces should be as large as possible : 
thus'^ki the case of a steel shaft nmnir*g in white-metal bearings, the 
softer the white metal the more readily will the particles of grit 
embed themselves entirely out of harm’s way, while the harder the 
shaft the less readily will it sitbmit to the cutting action of such 
particles of grit as are not completely embedded. 

All available evidence indurates that the once popular idea that 
a hard white metal should be used, and that its surface should be 
rendered ,even harder by hammering or driving a taper mandrel 
through it, is (piite erroneous— -the surface of the white metal should 
be as soft is (consistent with the necessary resistance to cnishing. 
In the case of two very hard surfiuces, such as case-hardened steel 
against cast-iron or hardened steel, very little wear '>occurs, the 
probable explanation being that the hardness of both surfaces 
exceeds that of the particles of grit, so tliat the latter are merely 
ground up between the two surfaces and do not get any opportimity 
of embedding themselves in either or of cutting them: 

It has been observed that such bearing surfaces, "even when 
freely exposed to road dust, etc., do not wear readily, but that when 
carborundum is introduced along with the lubricant very rapid 
wear takes place. 

It is wlien two surfaces, both relatively soft and of somewhat 
similar hardness, are employed that the most rapid wear takes place. 
A soft-steel shaft running in bronze bearings wears very rapidly 
indeed, unless the load factor is so low as to permit of a very thick 
oil film being maintained. 

One very striking example of excessive wear" between two sur- 
faces of nearly similar hardness is to be foimd in the case of copper 
aluminium alloys and phosphor-bronze. An alloy consisting of 88 
per cent aluminium and 12 p^t cent copper affords ’an excellent 
beariitg material for hardened -steel shafts. It is light, which is 
often important, is an excellent conductor of heat, and is readily 
cast and macliined. When, however, a phosphor-bronze shaft is 
run in bearings of this aluminium alloy, the shaft, w^ch is slightly 
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the harder of the ivfo, wears away with almost iiicredible rapidity. 
Similarly, exp^^riments which the author has carried out with Ijl-giize 
pist<m ring^ in an aluminium cylinder and ^rtth an aluminium piston 
in a bronre-lin^ cylinder Tesulted, in the* former Ciise in the rings 
\veajing dc^wii to half their originabthickness in eight hours, ami in 
the case of the bronze-lined cylinjler the liner wore about (VOID in. 
ovj^l in a run of twelve houm. In neither (‘ase did the aluminium 
show any apfireciable wear. ' ' • 

Again, a soft-stee! sliaft, running in a copper-aluminium Ix'anng, 
wears away very rapidly. 

Probably the Vorst possible results are to be found when two 
similar and relatively. soft materials are used for the two members of 
a bearing, for then. not only is the difference in suidace jiardness 
reduced to zero, but the opportunities for wehling togetlier in the 
event \)f a failure of the oil fdm and consequent local fusion are at a 
maximum. ^ . 

In th(‘ case of cast-iron, or hardened steel, both surfa(‘es are so 
hard as to be very little affected by grit, but, in the evcmt of a 
breakdowi? of the oil film, tho two are very liable to be(‘ome 
welded. 

Experience with aluminium pistons has shown : 

(1) Tliat when these are fitted in 8oft;steel cylinders the cylinder 
bore wears very rapidly ; 

(2) When fitted in Jiard-steel cylinders - 0-4 carbon the wear 
IS very slight- ; 

(3) When fitted in cast-iron cylinders finished by grinding, w(‘ar 
of the cylinder bore takes place if the grinding material luus not })een 
thoroughly removed. Such wear does not take place when the 
cylinders are reamed 01 when lapped after grinding. 

Maximum Pressures on Bearings.- So far as high-speed 
bearings are concerned — that is to say, when the rubbing velocity 
exceeds about 8 ft. per second — the load factor only, that is, the pro- 
duct of load and s^ed, need be taken fnto account ; the maximum 
pressure, so long as it is not liigli enough to distort or crush the 
bearing material, is of little moment, since it is not applied for a long 
enough period to have any influence on the conditions of lubrication. 

Limiting Load Factor, — The highest load factor which can 
safely be carried by a bearing depends upon : 

(1) The system of lubrication, whether forced, natural, or fed 
with a rneasured quantity of fresh oil. 

(2) Both th^ viscosity and the oilmens of the oil. 
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(3) The facilities available for conductiijg away the heat 
generated in the bearing. * < 

Under the nK3st*faVfturable citcumfhanees, with forced lubrica- 
tion, and good facilities fbr dispersing the lieat, loac^ factors as high 
as 20,000 lb. ft. i-per second 6s,n be safely carried in* a journal 
bearing with alternating load. ^Yith such a load factor the rate of 
wear is of courJie considerable, but there are many examples, of 
orj\nl5:shaft centre bearings in aero-engines with load factors as high 
as til is. • 

Where very high rubbing velocitiejl; are involved, much higher 
load factors (‘.an be carried when floating bushes arf^ employed. Such 
bushes floating frcfely between the two membevs, rotate at an inter- 
mediate speed, so that the rubbing velocity between either face is 
halved; also tliey, permit of a much greater circulation of cooling 
oil through them. Under such conditions the load factor may be 
increased by 50 per cent without imperilling the bearing. 

Maximum Load. — Where the rub|)ing velocity is low the only 
limit to the maximum load is set by the rigidity of the members. 
There is no danger of Ihe oil filnu being broken down 1^ pressure 
alone, provided there is scope for natural teplenisliflient. When 
serfous distortion takes ]Jace, the load factor may be increased 
lo(;ally — that is to say, the^ pressure may all be (‘onc'ent rated on one 
point in the bearing ; and since the rubbing velocity is the same at 
all points, it follows that the product of pressure and nibbing speed 
may be excessive at one point, causing rapid local heat flow and 
ultimate breakdown of the oil film. 

Proportions of Bearings. From the point of view of reducing 
the load factor it is clear that the requisite area of bearing surflice 
should be obtained by lengthening the journal rather than by 
increasing its diameter ; since any increase in diameter involves a 
corresponding increase in rubbing speed. On the other hai^d, from 
the point of view of rigidity and freedom from distortion a long 
journal fls very undesirable, ‘since the load*canppt be evenly distri- 
buted over it, nor can so much cooling oil be circulated through it 
owing to the greater resistance^ imposed. • With the ordpr of loads 
that obtain in the bearings of a high-speed Jhtemal-combustion 
engine, the pressures are so higfi that it is seldom practicable on the 
score' of distortion to make any journiirl wider than one and a half 
times its diameter. With “ natural m opposed to forced lubrica- 
tion very narrow journals are objectionable, because the area for the 
escape of oil so greatly exceeds the area available for replenishment. 
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Generally speaking lit is desirable so to arrange the main lH‘ariiigs 
that the width of the journal is about equal to the diaineter for 
forced lubrication and about one and a half dianuiers for natural or 
splash lul5-icatk)n. 

JLoad’Factorand Wear.^ Other things beirtgeciual, the rateqf 
wear may be taken as being almost directly propoitional to the hiad 
fai;tor. It depends very largely on the facilities for cooling; thus, in 
the case of crankshaft bearings, for equal load factors with lorc(*d 
lubrication the rate of wear ofi the main journal bearings is alv avs 
very much more rapid than on the crankj)in bearings, becausi' the* 
crankpin bearings are always better ^served with oil since it is Hung 
out to them by centrifugal force. 

Oscillating Bearings.- When the motion is oscillaiing only, 
the wear on the members is no longer uniform; this objedion can, 
however, usually be overcome by allowing the iiarder m(Mnl)er to 
float freely thus, in the case of a gudgeon, if this is fi\ed either to 
the piston or the connectiug-rod, local wear will take ])la(‘e, but if 
allowed to float freely in bearings, both in the connecting-rod and 
piston, lo(5al wear on the pin can be avoided; fuitlier, a much heavi(‘r 
load can be carried, because the rubbing velocity between any of the 
members is halved. • 

From the above considerations, it is (;lear that, other things })eing 
equal : 

(1) The friction of -a bearing, when freely liibrh’ated, is nearly 
pi'oportional to the load factor on the bearing, and depends, though 
to a lesser extent, upon the nature of the surfaces the smoother the 
surface the lower the friction. 

(2) The rate of wear is also pro])ortional to the load factor. 

(3) When oil of higher viscosity is used, the friction is greatly 
increased at first ; but on account of the greater amount of energy 
dissipated in shearing the oil film, the heat flow is greater, the tem- 
perature is therefore higher, with the result that, after running seme 
time, the reducti<yi in viscositv due* to the higher temperature 
nearly compensates for the higher initial viscosity, and so the con- 
ditions as fegards friction and the thickness of the oil film ultimately 
become nearly sinmlar. They do nqt become quite similar, because ' 
owing to the higher temperature of the bearing the rate of dissipation 
by radiation and conduction is greater, consequently the bearing 
never reaches so high a temperature relative to the viscosity of the 

oil as when a thinner oil is used. 

• 

Types of Oils. — The oils used in, internal-combustion engines 
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fall ii^to two main divisions — mineral oils andi those of animal or 
vegetable origin. “Compounded” oils^ anU mixture# of the two 
types, are also uSled, ^ 

Mineral oils, which are composed bf various. hydit>carbons, 
mostly of the parhffin series, are by far the most frequently uged. 
This is partly bec^ause of their lojver cost, and also on account of 
their chemical stability, 's^lpch renders them less pjone either ,to 
chrliqnization br to oxidation or gumming. On the other hand, they 
do pot appear to possess the property of “ oiliness ” to the same 
•extent as vegetable or animal oils. Exoept in cases where bearings 
are very severely loaded and^ near their limit, * mineral oils are 
probably the most suitable, though there is ^some evidence that 
they are improved by the addition of a small «percentage of other 
oils. 

For ball or roller bearings a pure rdineral oil would appeat pre- 
ferable, singe such an oil is less liable to form corrosive acids in 
service. # 

Anirnal oils, such as whale and lard oils, and vegetable oils, such 
as rape or castor oils, are largely ^composed of the ^estei^ of fatty 
acids. Their chief virtue lies in their high oiliness,’*' which is of 
use’ in cases where the oil supply is necessarily limited, as in crank- 
. case compression two-stroke engines, or where severe local over-loads, 
duetto distortion, etc., are probable. Their defects he in their com- 
parative instability, which renders them liable to become gummy 
and acid by exposure to the air, and also causes them to carbonize 
more rapidly than mineral oils. They are also expensive, and, the 
supply being necessarily limited, would become more so if their 
employment became general. Their use, therefore, should be, and 
generally is, limited to exceptionally high-duty engines, and a few 
other special cases. 

One such case is that of rotary aero-engines, where castor oil is 
used on account of its reputed non-miscibility with petrol, which 
in such^engines is admitted ‘through the crankcase. This might be 
a desirable feature in kerosene-engines, where the lubricant is con- 
taminated by fuel condensed on the cylinder walls, though the price 
is very high for the general ru^i^of such duties. 

Blended oils, which generally contain quite a small percentage 
of oils other than mineral, are in fairly wide use, and seem to be 
desirable in some cases, generally where the conditions are somewhat 
severe. 

The proportion of non-mineral oil (usually castor) seems to be 



CARBURATION 


119 

too small to give |.he oil any great tendency to gum or carbonize, 
while being sufficient to appreciably increase the “ oiliness.” 4 

Compounded oils are neb recommended ior-baU or roller bediings 
by the iipanufacturers, owing to their tendency 10 acidify. 

Carhuration 

Tlie tunction ot ttie carburettor is^iot, as is so often supposed, 
to gasify the fuel, but rather to provide constant proporlh'^is of 
finely divided liquid fuel and air under all conditions of speed or 
load. The gasification or Vaporization of the liquid fuel takes plac^ 
in part in the mduction system, and in part, in the cylinder of 
the engine. 

The requirements of a good carburettor are that it sliall - 

(1) Provide a constant predetermined ratio’of fuel and air at all 
speeds and at all loads, under constant conditions. 

(2) Pulverize the fuel as finely as possible under albconditions. 

( 3 ) That when the throttle is opened suddenly it shall provide, 

momentiiLrily, an over-rich mixture, for reasons which will be explained 
later. • • 

( 4 ) Provide an over-rich mixture for starting or running idle at 
very slow speeds. 

( 5 ) Be provided with automatic of at least readily controllable 
means of enriching the mixture throughout the whole or at least 
the lower* part of the range, until the carburettor and induction 
system are fully warmed up, 

(6) Be simple to adjust in the first instance and unlikely to get 
out of adjustment in use. 

Probably no carburettor yet made conforms to all these con- 
ditions, though they are not impossible of compliance. 

It is worth wliile to examine each of thep conditions separately 
and “to see what their compliance involves. 

The first consideration, namely,, that of providing a uniform 
mixture strength under all conditions, or of “ metering,” as it is 
generally termed, is the basic problem in carburettor design. The 
simplest possible expression of a carburettor is a jet to which liquid 
fuel is supplied at a constant levd, such jet being situated in the 
centre of a venturi nozzlj , or choke-tube, through which the whole 
of the air passes on its way to the engine. The depression in the 
choke-tube is therefore at all times a function of the I.H.P. of 
the engine, and this depression is relied upon to draw petrol from 
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the jet. Unfortiifiately, the laws governing the ^ow of liquid from 
a jet, acid of air through a venturi throat, aro not the sjune, for the 
one idedium is a liqmd^Urnd the other i% a gas. As theikspeed at 
which the air flows 'through the choke-tube increases, so ^he flow 
of fuel also increases, 'ljut at a Cijnsiderably greater rate, with tlie 
r^ilt that, if tlie proportionate sizes of jet and choke-tube diameters 
are chosen to give^ a “ (correct ” mixture* at any one speed, the 
mixtui;e will be^ t(jo weak af 5, lower speed and too rich at a higher 
8peed>as shown approximately in fig. 32 . 
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To this simple form^of carburettor some means of compensation 
mijst therefore be provided, and for most purposes it must be ardo- 
matic. There are numerous uiethods of ‘compensating, but they 
may be divided broadly into two main groups : 

(1) In which means are provided for supplying, autoniatically, 

additional air as the power output'increases. ' 

(2) In which means are provided for supplying autoniatically 
additional fuel as the power output decreases. 

Intermediate between these groups are ^methods providing means 
for checking the flow of fuel through the jet by obstructing it by 
means of a reversed air- flow, etc. 
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The first grou]) ^icludes all such devices jvs au1oma1i(*. extra air 
valves operat^.d by su(‘tioii. Broadly s])eakiiig, these ari‘ not’ yi*rv 
satistactorj , because they involve ihc additidit of a <'oustantlv moving 
part, whi(ib. caiyiot readily be lubricated, and ^inless the movement 
of this paVt is controlled by an eihcient dasli-})f)t serious \vt‘ar is 
liable to occur; on the other ham], if it is controlled by a dash-pot, 
thgn its niovenient will be somewhat sluggish, though this is not 
necessarily a disadvantage in view of tfie third reipiirement siated 
previously. In any case, howwer, it is always desirable to avoid 
the use of an additional mo\ing ])art if possible. 

The second gl’oup includes those (‘arburettors in which com- 
pensation is etfe(;ted,by means of an additional jet fed by gravity 
from the float chandler and open 
to atmosphere ; the flow of such a 
jet is imaffected by the depression 
in the choke-tube. ( ^irburettors 
belonging to this group cipi be 
adjusted to giv(5 fairly accurate 
metering urnhu’ all conditions ot 
speed or loatl ; and ^ince they 
contain no moving ])arts to wear 
or possibly to stick, they are, in 
the author’s opinion, to be pre- 
ferred. The basic, principle of 
this ty)e of* carburettor is illus- 
trated in fig. 33, while fig. 34 shows 
approximately the rate of flow from either jet. It will ]>e seen that, 
as the power output and therefore the depression in the (‘h()ke-tu})e 
increases, the flow of liquid from the main jet increases rapidly, 
while that from the gravity-fed jet, which has a constant head of only 
about ope and a half or two inches, remains substantially constant. 
Its proportional flow therefore decreases. It is oliviously possible 
by a suitable selection of jet sizes to l^eep the fuel air raiio very 
nearly constant over a wide range of speed and load. 

In addUion to these general groups there are large numbers of 
purely mechanical *de vices whereby either the fuel supply, the air 
supply, or in some cases both, are varied mechanically by the move- 
ment of the throttle level. Such devices cannot possibly true 

compensation for all condilions of speed or load, since no change 
can be effected without movement of the throttle. For cx^rtain 
purposes, however, such, for example, as marine work in whi(;h the 
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torque and speed vary iii a fixed relation, mech^inically compensated 
carburettors are probably quite satisfactoty. The advantages of 
this form are that, a mechanically com|)en8ated carbure^r can be 
made very cheaply ; ,it has only one jet tb look aftei; and fio adjust- 
.ijaent which can be deranged. *It will fulfil the requirements ^of a 
marine engine, bpt certainly will, not give accurate metering when 
applied to engin*es in whi^lj the speed of torque may vary withput 
hiovfement of 'the throttle. 

'^he second condition, namely, thorough pulverization, is not at 
* all easy to comply with. It is, however, an exceedingly important 



Gas Velootv through choke, tube ft pek sec 

Fig. 34. — Mixture Strength delivered from Main and Compensating Jets, 
Zenith Typo Carburettor 


factor, because it is most desirable from every point of view, to keep 
*the suction temperature as low as possible. Whether the fuel enters 
the cylihier in a liquid or a gaseous state, it<»will, ^o long as it is finely 
divided, be completely evaporated after its entry to the cylinder, on 
coming in contact with the hot,residual products thereim 

In a previous chapter it h^s been shown that it is always very 
desirable to keep the suction temperature as low as possible, and to 
this end it is often preferable to allow^he fuel to enter in a finely 
divided but still liquid state, and so to •make use of the latent heat 
of evaporation of the liquid to lower *the temperature in the cylinder. 
This, however, is possible only when the liquid is very finely 
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pulverized, and wheji the induction system is so arrangeii that re 4 ison- 
able unifornyty of disttibution can be obtained without too much 
differentiaTion due to the uAequaf inertia oi lir'anc* liquid particles ; 
if deliverid in coarse dropd, these will coalesce and precipitate on the 
wa^s of the induction system, fmady entering the cylinder in gulps 
of liquid, which will never evaj)orate. These p^ss through the 
cjilinder unburnt, while a proportion of the licjuid luel will find its 
way past the piston and into the crankcase, where it wdl c ontaminate 
the lubricant, • 

In most carburettors the velocity of the air past the jet is relied^ 
upon to pulverize the fuel, and, for this purpose, every elh)i*t is made 
to obtain a high velocity at the le*ast possible sacrifice in power 
output. 

Unfortunately, however, pulverization becomes of most import- 
ance \vhen the engine is running at low speeds or reduced loads, i.e. 
when the quantity of air passing, and therefore its velocity, are at 
a minimum. With a ventpri orifice of the best possibfe design the 
volumetric efficiency, and therefore the power output of the engine, 
will be penaUzed severely if the air velocity exceeds 400 ft. per 
second, and* the autht)r has found that to obtciin a good compromise 
between maximum power output on% the one hand and good 
economy on reduced loads on the other the mean velocity through 
the choke-tube should not exceed 400 ft. per sec^ond when four’ 
cylinders are drawing from a single carburettor, 330 ft. per 
second for three cylinders, and about 250 ft. per second for single 
cylinders, the lower velocity in the latter cases being* permissible 
because : 

(а) With less than four cylinders the suction is intermittent and 
the maximum velocity therefore considerably greater. 

(б) The fewer the number of cylinders drawing from any one 
carburettor the shorter the total length of induction pipe. 

To obtain better pulverization one or other of two methods may 
be employed : ^ • * 

(1) A very small choke may be used and the bulk of the air 
admitted^lse where, the ‘bulk supply of air being cut off as the load 

is reduced — ^this* entails a combination 6i mechanical and fluid 

. • •• 

compensation. 

(2) What is termed a^shrouded or diffuser jet may be tised in 
which air is drawn through the liquid to form an emulsion, which is 
then delivered from the jet, as employed in the Claudel carburettor, 

• %8. 35 and 36. 
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The former has the advantage that it become J possible at reduced 
loads {o maintain the vehxaty not only past the jet, biittilso through- 
out a considerable j)ropdrtion of fhe induction system, ‘""it carries 
with it, however, th^ disadvantage that' the carburettor^ becomes 
somewhat complicjtted. ' . 

The diffuser or shrouded jet gi^ves good pulverization at the jet 
itself, but, owing 'to the lojv velocity in t'lie wliole ot the induction 



35. — Section, Clnudol Carburettor 


system at light loads or low speeds, particularly the latter, the finely 
divided particles are given too niuch opportunity to coalesce. It 
carries with it, however, tJie additional advantage that the flow of air 
through the fuel in the jet tends to effect a certain, though limited, 
measure of compensation. 

For the carburation of all engines liablo to sudden demands, such 
as all road vehicle engines and all engines under the control of a 
sensitive governor, it is most important that, on the sudden opening 
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of the throttle, the| carburettor shall deliver momtatarilv an over- 
rich niixtuiv^ The reason for this is as follows : 

When^in engine is running light or at toiV nyich reduml'l.uul 
the prCvSi^ire in ihe induction system may be only al)out 5 lb. per 
square inch absolute. At this f)ressure and evTi^ at quite low tem- 
peratures almost the whole of the fuel llowing through the induct iort 
system will be evaporated and the walls of the buliiction passages 
will be dry. "If now the throttle be ofiCned suddenly the prk'ssii^e 
in the system will at once ri§e from, say, 5 lb. per square inr^h to 
nearly 15 lb. per square ineh absolute, while tlie temperature con- 
ditions will remain unaltered. Now, although the fuel mav eva])or- 



Fig. 30. — Diagrammatic Arrangomont, (taudcl Carbuix'ttor 


ate completely when under a pressure of only 5 lb. per square inch, 
when the pressure is raised by nearly three times this will no longer 
be the case, unless the induction system be very hot. The immediate 
result is that the first portion of the fuel admitted after the throt'^.le 
is opened deposits at once on the walls of the induction system, and, ^ 
unless the mixtur/supplied by tne carburettor is very rich, that which 
reaches t]^e cylinders is far too weak to burn ; this state of affairs 
will continue untlil sufficient fuel has been supplied to thoroughly 
wet the walfe of the induction syst^, for when working under full 
throttle conditions the whole of the walls are normally lined -with a 
layer of liquid, the thickpess of which depends both on the tem- 
perature of the walls themselves and upon the velocity of flow 
through them. The practical effect of this is that, when the throttle 
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is opened sudderily after idling, the engine will flutter and backfire 
or even stop firing altogether for a few revolutions if now the 
throttle be closec^ agdin*, ihe half-formed* wet layer will iaunediately 
re-evaporate and tRe engine will run steadily again ; by ly^peatedly 
opening And closing ‘the throttfc the necessary wet layer can be 
built up gradually. To obviate this difficulty one or other of three 
expedients must adopted : * 

, (Ij The carburettor mu&t be set to deliver, at all times, an over- 
rich mixture. 

(2) The walls of the induction system must be maintained at so 

high a temperature that little if any liquid fuel c^ lie upon them, 
even at atmospheric density. • ^ 

(3) The carburettor must be provided with some means whereby 
a little liquid fuel is stored up when running idle, and delivered 
to the induction system immediately the* throttle is opened. 

The first of these may be dismissed at once as altogetlier too 
extravagant" yet it is the expedient most commonly adopted, as is 
evidenced by the fact that nine motor-car drivers out of ten will 
complain that they cannot combine ^ood economy and acceleration. 
The second method can, at best, be but a partial remedj" only, though 
a certain amount of pre-hea^ng is essential in the case of present-day 
petrols, whose mean volatility is low and most of which have a final 
■ boiling point of over 400° F. To raise the induction system, liow- 
ever; to such a temperature as will prevent entirely any condensation 
even of the highest boiling fractions is practically out of the question, 
and would, dll any event, so reduce the power output, increase the 
tendency to detonate, and, by raising the whole cycle temperature, 
so lower the efficiency of the engine, as to be quite outside the range 
of practical politics. 

The third method, namely, the momentary supply of an over- 
rich mixture, meets tlip case satisfactorily ; it costs nothing in power 
output, and permits both of working normally with the most economi- 
cal mixture strength, and of reducing the heaj input to the induction 
system. ' 

In the case of carburettors using a gravity-fed compeng^ating jet, 
this condition can readily be niet by providings a well having a 
capacity sufficient to supply a iW per cent excess of fuel for, say, 
3 or 4 cycles, and fed from the compensating jet. When running on 
full throttle this well is normally dry, buf when idling the well fills 
up to nearly the level in the float chamber. So soon as the throttle 
is opened the sudden depression caused by the inflow of air to the 
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induction system drs^s the whole* of the contents of the well into the 
induction and thus provides, momentarily, an over-rich 

mixture. ^ - v « “ * * 

When^ shroiided or dijTuser jet is used the ^me effect can be 
brought about by providing in the .annular passage around the jet 
sufficient capacity to meet this instantaneous demand. 

Both the Zenith and the Claudhl carburettors cater for this con- 
dition, the foriher by means of a well frd by gravity,^ as sho\v;n in 
fig. 37, and the latter by the use of a diffuser jet with large capacity. 



Fig 37. — Septional Arrangement of Zenith Carburettor, showing details of Pilot Jet 

Neither, however, provides, in the author’s opinion, sufficient capacity 
to meet the case of a four-cylinder engine \yith a relatively cool 
indiKjtion system. 0 

The fourth condition, namely, that jt shall provide an“ over-rich 
mixture for startin|, is met, in nearly all cases, by the provision of a 
separate, or pilot jet, and some provision is usually made whereby 
this jet drops out tf action so soon iis the engine has attained suffi- 
cient speed t(/ bring the main jets iifto operation. In those carbur- 
ettors using a gravity-fed compensating jet, the pilot is fed from the 
compensating jet and autoyiatically drops out of action so soon as 
the level in the well falls beyond a certain point. 

To fftart from cold, i.e. 60° F., on ordinary commercial petrol, 


128 THE INTERNAL-COMBUSTION ENGINE 

e • 

it is necessary to provide a minimum mixture strength from 
three to four times over-rich, depending upon the vapour tension 
of tiie fuel and i^on* thci actual temperajbure of the mechainism. For 
the purpose of staHing merely, there is ip objection to usjng an ex- 
cessively over-ric|ji niixture, provided that its supply is discontinued 
so soon as the engine is under way. When the pilot jet draws from 
a well fed by the 'compensating jdt and is but slightly submerged, as 
in the Zenith or Claudel carburettor, it will deliver an excessively 
rich mixture only when the level is at a maximum, and this again 
can occur only when the engine is at rest, for the very minimum 
running speed will suffice so to lower the level in th^pilot jet chamber 
as to cut this jet either partially or completely out of action. 
When, however, the pilot jet is fed direct froin the float chamber, it 
is necessary, in order to obtain a sufficiently rich mixture, either to 
flood the carburettor and so both raif^e aidificially the level in the 
pilot jet and at the same time expose for evaporation a considerable 
surface of liquid petrol in and around the air intake to the carbur- 
ettor, or partially , to close the air intake to the carburettor and 
thereby subject the main jet to excessive suction. 

The fifth condition, namely, adjustment qf mixttire strength to 
compensate for changes in temperature, is met only in those carbur- 
ettors whi(*h are provided either with variable jets or with a control 
on the air supply. Tt is a'n important condition, but one which is 
generally unprovided for; indeed, it is not at all an easy one to meet 
ade([uately. Although an engine should require the same mixture 
proportions, once the induction system has been wetted, whether it 
is hot or cold, yet it is none the less desirable to reduce slightly 
the size of the jet as the carburettor warms up, because the viscosity 
of petrol and indeed of most volatile liquid fuels varies considerably 
with temperature, and, with a given size of jet and a given depression, 
the quantity of fuel passed will increase as the temperature of the 
liquid rises due to the reduced viscosity. The influence of the 
variation in the viscosity of tfie liquid can be reduced to the minimum 
by employing always very short, jeis or at least <i very short length 
of orifice of small diameter, but it cannot be eliminated entirely by 
such means. 

In all carburettors used for aircraft, and which are therefore 
required to operate under wide variations both of density and tem- 
perature, it is absolutely essential to provide some means of varying 
bodily the mixture strength. This is effected by means of what are 
termed altitude controls. Altitude controls take several different 
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forms, but the mo^t usual is that iu wliich tlie Iloat chamber is 
hermetically pealed and the air s})ace in it connected to the car- 
burettor at two points, one below the ch-,kAub:^ and the o*1iier 
between lihe choke-tube and tlie throttle. J3c1 ween these two ])oints 
there is a •considerable difference iri pressure, du(* to tlie resistani‘e 
offered by the choke-tube. A control cock is lit ted in the passage 
connecting above the chokd-tube, and this passage i.n made very nuu‘h 
larger, the other being in the nature of a small permanent leak vuily. 
When the control cock is closed the pressure in the Hoat (‘hamber is 
equal to that of the outside air, sin(‘e it is balaiu'ed by tlie permanent 
leak, but 011 opening the control cock the pressure in t he (loat chamlier 
falls to something bet^ween tliat ruling In the ])assag(‘ above the choke- 
tube and that of the outside air, depending u])on the respective 
areas of the connecting passage-ways. As th(‘ ])ressure in tlu* (loat 
chamb(‘r is reduced, so the level in the jet falls, and less liquid is 
delivered from it. By adjustment, tluu'(‘fore, of the coniiol cock 
it is possible to lower the level of li([uid in the jet to any desired 
extent, and so to vary the mixture strength. 'Phis iiK'thod, and the 
several viwiations of it, serve adijiirably for aircraft when the engine 
is driving a projieller and the torc[ue-speed characteristii* is thendore 
definite throughout the range ; but it is in the writer’s o])inion some- 
what doubtful whether it forms a suitable means of control for such 
puiposes as motor vehicle's, owing to its inlluencc eith(‘r on tlie 
gravity-fed confjx'usatiijg jet or upon the diffuser when such jets are 
used. For carburettors with me(-hani(*al comjxmsat ion it would no 
doubt work admirably. 

The sixth condition, namely, that it shall be simple to adjust in 
t her first instance, and unlikely to get out of adjnstnu'nt in iise^, is 
a very inqioitant one indeed, because in jiractice it is ofti'ii very 
diflicult to determine whether the metering is correct or not too 
weak a mixture, either throughout, or at any point in the range, shows 
itself.at once by backfiring into the indiKtion sysPnu, but it is not 
always so easy to make sure that the mixture is not t^io rich, (tir- 
burettors in which a gravity-fed (‘ompensating jet is used are always 
rather diflbult to adjust accurately in the first jilace unless the 
engine is run und^r conditions wherein its duel consumption, etc., 
can reiulily be determined at all loads and speeds, as on the test 
bench. On the other hani^, such carburettors, once adjusted, will 
remain in adjustment for all time. 

Carburettors with moving parts controlling the compensation 
are, on fhe whole, much easier to adjust in the first instance, but are 

voL. n. 40 
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liable, owing to wear, leakage, etc., to lose their adjustment. Finally, 
there are, on the market, several carburettors which, though they do 
not under any ckcymsia^nces give Correct metering, are iv(5ne the less 
so easy to adjust to give 'a fair average proportionality, tliat in un- 
skilled hands they arc often fotmd to yield results as good as or 
better than those of more scientific design. 

As stated previously, there is, so far 'as the author is aware, po 
single carburettor which conforms to all the conditions he has laid 
down; but despite this, a good modern carburettor when properly 
adjusted is a remarkably efficient piece 61 apparatus. ‘ Though often 
much abused, the fault more often lies with the distribution system 
than with the carburettor itself. 

It must be remembered always that the carburettor and the 
distribution system are closely interdependent. When the distribu- 
tion system, either by its large exposed surface, the low velocity 
maintained in it, or its low temperature, is such as to encourage 
precipitation, then it is desirable to use a carburettor whi(‘li will give 
very thorough pulverisation, even at the expense of some loss by 
we-drawing, and which will supply a large excess of fuel when the 
throttle is opened suddenly. On the other hand, witl'i a different 
distribution system quite other characteristics may be desirable. 
It is quite wrong to suppose that any standard carburettor may be 
tacked on to any existing distribution system without regard to the 
particular characteristics of either. 

Ignition. By a process of elimination ignition systems for 
high-speed internal-combustion engines have been reduced to two 
main tyj^es : 

(1) The high-tension magneto. 

(2) The high-tension coil and battery system. 

The former was in almost universal use until a few years ago ; 
the latter is a reversion to an earlier type, and has come into pro- 
minence again because nearly all vehicles and aircraft are now 
equipped with electric-lighting sets, so that an ample supply of low- 
tension current is always available. 

hiimsity of Spark . — Althougli when working on full throttle 
with a “ correct ” or slightly over-rich mixture the intensity of the 
spark is of very little importance, yet on reduced loads or weak 
mixtures the intensity of the spark p4ys a very prominent part. 
It has been found experimentally that vffien the nature, conditions, 
or consistency of the fuel/air mixture' are such as to yield very rapid 
burning, then the intensity of the spark plays but little part ; and in 
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fact, under these coAditions no difference in power or efficiency could 
be detected iffter reducing the intensity of the until the nnluc- 
tion was s*uch that the spark failed altogether to jump across the 
points. ^)n the otlier hand, when, owing to the prescnc’e of an excess 
of exhaust products, or to the use of a weak mixture, or other cause, 
the rate of burning was reduced, ^he intensity of the spark became 
a snatter of importance. In other worcfe, so far as maximum ])ower 
output alone is concerned, the intensity of the spark does not play 
any serious part ; it has, lunVever, a considerable influence u])on 
the maximum efficiency attainable, since it governs, to some extent, 
botli the range of burning on the weak side and the rate of burning 
when throttled. 

In the ordinary kigh-tension magneto, the intensity of the s])ark 
is at a maximum only at the point of maximum flux, and is thendore 
reduedd when the time of ignition is either advanced or ndarded 
beyond this j)oint. In the coil and battery system, on the other 
hand, tlie intensity remains the same irrespective of the time of 
ignition. This is a substantial argument in favour of the latter 
system. ^ 

In the })ast, the coil and battery system was superseded by the 
high-t(‘nsion magneto on the score of reliifbility for two reasons : 

(1) Because there no charging dynamo available, with the 
result that the Imttcry was not kept fully charged and was frecjueiitly 
allowed to run down, with consecpient complete failure of the ignition 
system. 

(2) The early low-tensjon contact-breakers w(*re generally ill 
designed and badly made, and gave continual trouble. 

\Vhen the high-tension magneto first appeared on the market it 
had two substantial advantages over its rival system: namely, a 
constant supply of low-tension current, and a really well-designed 
and well-made low-tension contacT-breaker. 

These advantages no longer exist to-day, for nearly every higli- 
speed engine is eqi^pped with a charging dynamo for lighting and 
often for starting also, and thoroughly well-designed and well-made 
low-tension*breakers can now be obtained. 

It is not proposed to discuss th^ details of either system, for 
these are now well known and can be found in any text-boeje on 
the subject. • 

Sparking Plugs . — Probably no part of an internal-combustion 
engine is more complained of and abused than the sparking plug, 
though the complaints levelled against it, are often unjust. It is 
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generally complained either that sparking plugs 6i\ up and so become 
inoperative, or that theyjgive rise Ip pre-jgnition; but the fault quite 
as often lies in the' choice, of an unsuitable plug for the Engine or in 
defective piston design, with the, result that too much oil pusses into 
'the combustion (hamber. « 

In any type pf sparking plug< there js a limited range of tem- 
peraljure between which thc<points will be sufficiently hot to burn off 
any oil which* may be deposited upon them, and sufficiently cool to 
avoid pre-ignition. ' ,, 

In those engines in which, owing to defective piston design, the 
quantity of oil passing the pistpn is excessive, it is Aec^essary, in order 
1x) burn off the oil, to employ a type of ping with thin pointe which 
will keep hot when running on reduced loads. In this connection it 
should be remembeved that, in a throttle-controlled engine, the actual 
temperature of the working fluid is iiearly the same at any throttle 
opening)' and that it is the total quantity of heat and not the tem- 
perature which varies. If the ])lug points are tliin and their facilities 
for getting rid of the heat are ])oor, they will attain a temperature 
corresponding to the mean tem])erhture of the cycle*, irre.^pective of 
tliQ quantity of heat liberated. If, on the other hand, tliey are 
provided with good facilities for getting rid of the heat imparted to 
them, then their temperature will be governed rather by the quantity 
of lieat, but will at all times be somewhat lower. Ip other words, in 
plugs with long thin points the ])oin1s will always be hot but will 
remain at, much the same temperature at any load; while in plugs 
with shoit, thick ])oints and good facilities for getting rid of their 
heat, the points will Iceep cooler at all loads, but their temperature 
will vary over a wider range as the load is varied. From the point 
of view of maintaining an equable temperature at all loads, com- 
paratively long, thin point-s are preferable, and so long as the com- 
pression is low and there is no detonation to increase the temperature 
and rato.of heat flow they will not give rise to pre-ignition.' But 
when the compression ratio is high and th^ pro\)ortion of diluent is 
therefore small, pre-ignition will occur the more readily ; moreover, 
under these circumstances detonation is the more lialfle to occur, 
and this, as has been shown previously, mil give rise ,to overheating 
of the plug points. For such engines, therefore, it is necessary to 
use a type of plug whose points will keep as cool as possible. When, 
by careful design, the flow of lubricating oil to the combustion 
chamber is reduced to the lowest limit, it becomes possible, to use a 
“ cool ” plug without trouble from oiling up, and it is then preferable 
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to do so, for the tliick points naturally last longer, and there is less 
risk of overheating from momentary detonation or other causes. 

For Idw-compression engines or for engines whose duty is com- 
paratively light a “ hot plug may he used with advantage, more 
esjjecially if they have any tendency to pass •an ex(“t‘ss of oil; 
while for liigh-compression engines a ‘‘ cool ” ])lug must he used, 
ayd the tendency to oil up must he ()vercon\e hy adequate piston 
design. No single plug can at present he made to sr.it a high-com- 
pression engine which passes oxcess oil into the com])ustion chainher, 
hut the remedy lies in the design of the engine, and it is not fair to. 
abuse the sparkhig plug because it is being called upon to meet- 
conditions outside its legitimate range. 
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[ECHANICAL DESIGN 

In the design of an internal-combustion engine ^'as in all creative 
work of this nature, the aesthetic side must not be overlooked. In 
the first ^place, beauty of form and of proportions is in itself an 
admirable guide to jnechanical correctness ; for mankind has come 
to regard as beautiful that which is mechanically correct, whether 
it be in mature, in architecture, or in engineering. 

Jp general, beauty and efficiency - yi the widest sense of the 
term - are synonymous, and the appeal of any design to the 
a?sthetic sense is often as reliable < a guide as is a matlHmiatical 
analysis of its mechanical features. Again, the/ a'siJietic side 
makes a powerful though an unconscious appeal to the user, whose 
artistic sense, mute and in^irticulate though it may be, will always 
be roused. 

The designer’s first aim should be to ensure that the products of 
his work will receive the care and even aftec^tion whicli he li()])(^s will 
be bestowed upon them by their users. To this end he should make 
an appeal to them through their artistic sense rather than to fads 
or fashion, for the former is innate in all mankind, while the latter 
may vary widely. 

There is a prevalent but quito erroneous belief that the reliability 
and even the efficiency of an engine are, to a large extent, a function 
of the actual number of parts it contains. Speaking generally, there 
can be nd greater fallacy. >Vliile it is obvious t^iat the number of 
parts should be kept down to the minimum compatible with efficiency 
and mechanical correctness, this can very easily be overdone. Few- 
ness of parts too often denotes excess of comprimise. All design 
must necessarily be based on compromise, and it is upon the sound- 
ness of judgement by which the compropiise is arrived at that the 
success of an engine ultimately depends. i In an internal-combustion 
engine many of the parts are subjected to complicated stresses, 
both heat stresses and pressure stresses ; and when, by multiplying 
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the number of paMs, such stresses can be reduced or dealt witli 
separately, tins should be done unhesitatingly, No member should 
be subjected to compound stresses if by the provision of additional 
member^ these can be split up ; for example, when a member is 
sul^jected'to combined torsion and bending it ii5 preferable, where 
possible, to replace it by two separate members, one designed lO 
d^l with the bending alone and fre(\ from torsion, and anollier 
subject to torsion only and free from bending. To do this ma 5 ^ 
involve the introduction of peihaps six or eight times as many ])ai 1 s 
in this pai-ticular piece of mechanism, yet the safety and reliability 
will be many tiir.es greater. Again, in the design of an engine the 
problem often arises of carrying a shaft in two bearings whose 
perfect alignment wdh each other cannot be ensured in i,ua.ehining 
or is liable to disturbance in use owing to distoition, <.^c. In such 
cases the choice lies between fitting a fairly flexible shaft which will 
accommodate itself by flexure to slight errors in alignmeni, or the 
provision of double universal joint>s between the two bearingii. In 
the former case the shaft is liable to fail ultimately from fatigue 
through constant flexure, however slight, while the bearings are 
liable to give troubli?, and in any case the friction will Ix' much 
greater. In the latter case safety and t^ie minimum of fihtion are 
ensured, but at the cost of several extra parts. A (hoice of this 
nature confronts every designer almost daily, and he has to decide 
whether he wilf risk tliu simple expedient or resort to the more com- 
plicated one. He is generally too liable to adopt the former course 
on the ground of manufacturing cost, but in such case he has no 
right to boast that he is using fewer parts he is doing so only 
because he cannot afford to use more, or because he has neither the 
knowledge nor the experience to appreciate the risk he is incurring. 
Again, in the larger sizes of engine it is often desirable to duplicate 
the exhaust valves, even though this may inVolve the duplic^ation 
of the whole valve gear also. By doing so, smaller valves can be 
employed, and bof|li the temperature of the valve heads and the 
stresses in the valve gear will be reduced, the valves will remain 
in good condition for ‘a far longer time, while the margin 
of safety in the valve gear will be greatly increased. The net 
result of duplicating the exhaust valves will be that the engine 
will retain its efficiency fev* a much longer period, and will at all 
times be more reliable. Ih is better far to use 500 parts if need 
be, to comply with the laws of sound mechanics^ than to defy 
them 'v^uth a single part. The craving to make one single member 
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perform several distinct functions is often very difficult to resist, 
but it should be firmjy controlled. f 

It is possible totprodi/ce an internal-dombustion engine' composed 
of only seven parts ^excfusive of studs knd nuts). If f^^mess of 
pp,rts were a crite^ion, such an engine should sweep the board. ^ In 
practice this type gf engine has earned almost universal condemnation 
because of its unreliability ^nd the ingenuity with which it devices 
different ways of going wrong. At the other end of the scale the 
aero-engine which, during the war, slrowed itself capable of running 
for, by far, the longest period, without overhaul, was the Rolls-Royce 
“ Eagle,” an engine which (‘ontains at least 50 pe^’ cent more parts 
than any other engine in the service. 

That increased number of parts necessarily involves increased 
care and maintenance on the part of the user is a sheer fallacy. 
Fewness of ])arts saves manufacturing costs to some small extent, 
but it certainly confers no benefit whatever upon the user. Even 
to the manufacturer it does not always effect a saving, for tlie amount 
of fitting work re(piir(Hl is often inversely pro])ortional to the number 
of parts, and fitting is nowadays the« most (*ostly of all class(»i-; of work. 
Designers will do well to realize that “ simplicity ” as ordinarily 
understood is by no means 'always a virt ue ; in nine cases out of ten 
it is a positive vice. 

.The foregoing remarks must not be read as implying a disregard 
of manufacituring cost. On the contraiy, r manufacturing cost is 
generally much the most important consideration once tlie needs of 
all-round efficiency have been catered for, and by efficiency in this 
sense is meant not merely thermal efficiency but reliability and 
durability. 

In days gone by, material and skilled fitting were both com- 
paratively cheap, while tooling was a costly item. To-day, however, 
owing to the vast improvements in machine-tool design, tooling and 
grinding have become relatively cheap, while the cost of material 
has risen enormously and Skilled fitting has ^)ecome almost un- 
obtainable. The designer therefore must accommodate himself to 
these altered conditions and e<;onomize Inaterial and hand-fitting 
wherever possible. In "this connection he will oiten find that it is 
an actual economy to employ a greater number of parts if the total 
weight- of material used is no greater and some hand-fitting is saved 
thereby. With well-thought-out design and accurate machine work 
it should be possible to eliminate hand-fitting almost entirely. Much 
of the hand-fitting which is done to-day is unnecessary and even 
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undesirable ; the a^raping-in of bearings, for examj)lo, is a eustoin 
which dates from the time when accurate machine work (‘ould not 
be relied apon and when designers did not leali^^e the value of si‘lf- 
aligmneht. Now that crankshafts can be finished by grinding to 
wiyiin extremely close limits, and all their l)earAig housings can be 
machined at one operation, scraj^ng is no longer necessary ; indeed, 
ng amomit of hand-scraping will give so accurate or uniform a bearing 
as that afforded by the macliining. Again, from an economical as 
well as from a mechanical point of view it is essential that all sliaft- 
bearing housings shall either be machined at one operation or their 
alignment be ensured by spigoting. If, for any reason, neither of 
these is possible, then it is not only better but often even clu'aper 
to provide universal joints and so be indepetident ol alignment, 
rather than to rely upon a doubtful alignment secured by costly 
hand-fitting. Not only is hand-fitting ex})ensive and unrcdiable, 
but it is also the most effective barrier against interi*ha!'g(‘ability. 
Tlie old belief tliat a hand-made ])iece of mechanism is ])referable 
to a ‘‘ machine-made ” dies hard, but the sooner it if^ buried the 
better; io-day it is an anachrouism. 

Design 3,nd Material. It is commonly su])])osed that, to be 
successful, a high-speed internal-combustion engine must of necessity 
be made from very ( arefully selected ainjl highly specialized materials. 
While, of course, it is olivious that the higher the quality of the 
material the better, yet, with appropriate design, tlui ordinary 
materials of c'ommerce will be found to give perfectly satisfactory 
results, and are, in fact, much more widely used than is generally 
supposed. It is only when the w(‘ight is very closely limited, as in 
the case of an aero-engine, or when an exceptionally high ou1])ut is 
desired, that fancy materials become necessary. 

The ordinary multi-cylinder high-speed engine necessarily in- 
volves the use of some very complicated castings, and the choic.e of 
material for these is, in practice, governed almost solely by foundry 
considerations. '^JJie material of the Cylinder block and crankcase, 
for example, must be such that it will flow freely in the mould 
and yield* a homogeneous casting, a consideration which generally 
dominates aU others. 

In general, surface hardness is of far more importance than 
tensile strength ; for the necessity for extreme rigidity, which is the 
first principle in high-spe®d engine design, compels the use of such 
heavy scantlings in any case, that tensile strength plays a very 
secondary part. From the point of view of rigidity all steels are 
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perform several distinct functions is often very difficult to resist, 
but it should be firmjy controlled. f 

It is possible totprodi/ce an internal-dombustion engine' composed 
of only seven parts ^excfusive of studs knd nuts). If f^^mess of 
pp,rts were a crite^ion, such an engine should sweep the board. ^ In 
practice this type gf engine has earned almost universal condemnation 
because of its unreliability ^nd the ingenuity with which it devices 
different ways of going wrong. At the other end of the scale the 
aero-engine which, during the war, slrowed itself capable of running 
for, by far, the longest period, without overhaul, was the Rolls-Royce 
“ Eagle,” an engine which (‘ontains at least 50 pe^’ cent more parts 
than any other engine in the service. 

That increased number of parts necessarily involves increased 
care and maintenance on the part of the user is a sheer fallacy. 
Fewness of ])arts saves manufacturing costs to some small extent, 
but it certainly confers no benefit whatever upon the user. Even 
to the manufacturer it does not always effect a saving, for tlie amount 
of fitting work re(piir(Hl is often inversely pro])ortional to the number 
of parts, and fitting is nowadays the« most (*ostly of all class(»i-; of work. 
Designers will do well to realize that “ simplicity ” as ordinarily 
understood is by no means 'always a virt ue ; in nine cases out of ten 
it is a positive vice. 

.The foregoing remarks must not be read as implying a disregard 
of manufacituring cost. On the contraiy, r manufacturing cost is 
generally much the most important consideration once tlie needs of 
all-round efficiency have been catered for, and by efficiency in this 
sense is meant not merely thermal efficiency but reliability and 
durability. 

In days gone by, material and skilled fitting were both com- 
paratively cheap, while tooling was a costly item. To-day, however, 
owing to the vast improvements in machine-tool design, tooling and 
grinding have become relatively cheap, while the cost of material 
has risen enormously and Skilled fitting has ^)ecome almost un- 
obtainable. The designer therefore must accommodate himself to 
these altered conditions and e<;onomize Inaterial and hand-fitting 
wherever possible. In "this connection he will oiten find that it is 
an actual economy to employ a greater number of parts if the total 
weight- of material used is no greater and some hand-fitting is saved 
thereby. With well-thought-out design and accurate machine work 
it should be possible to eliminate hand-fitting almost entirely. Much 
of the hand-fitting which is done to-day is unnecessary and even 
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cast iron is more resonant thim aluminium. In tfio engines wlii(‘h 
the author uasigned for the tanks east iron was used for the (‘rank- 
cases, but‘ towards the lat\er period of tuc war, when light high- 
speed tJJnks were called for, aluminium was substituted. These 
were made to exactly the same design as the^previous east -iron 
cases, and were, in fact, interchangeable with tlnnn in (‘very 
respect. It was noticed after this change that tlu‘ (‘ngines wiMt' 
appreciably quieter in operation, a fact which was leter (‘onbrnu'd 
by the reports of officers and ddvers in charge. 

There is another important consideration in favour of the use of. 
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Fig. 3H. — E.xdinplo of lfigh-H[Mrd IW H.lf. F. Fngino 

aluminium for crankcases; namely, its better heat conductivity. 
Thi^ is a very valuable feature, because it the more readily leads 
away and dissipat^ the heat from the* crankshaft bearings, and so 
tends to reduce wear and the risk of bearing failures. 

The principal objections to the use of aluminium are its greater 
cost and the difficulty in securing studs in it. The fonner is not so 
serious an objection as would appear at first sight, because — 

(a) For complicated cas^tings aluminium alloys are, on the ^hole, 
more reliable from a foundi^ point of view than cast iron ; hence the 
proportion of wasters, often only discovered after several machining 
operations, is reduced. 
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(b) The cost of machining aluminium is considerably less than 
that of cast iron ; and since in a crankcase there are usually a very 
considerable number of machining operhtions, this often* outweighs 
the higher initial cost of the material. ^ 

The difficulty in securing studs in aluminium is a real one, but 
it is usually possible so to desigp a crankcase as to eliminate or 
almost eliminate ‘the use of studs. By extending the main crank- 
shaft' bearing bolts through to the top of the crankcase and utilizing 
them to hold down the cylinder bloch, two groups of studs can be 
, eliminated and a very sound mechanical job results. Where studs 
must be used they should b(‘ s(‘r(nved in from to 2 1^ 3 diameters, and 
are then satisfactory, if properly fitted in the first place. 

Cylinder Block. — Where a number of cyliiiders^re cast together 
in one block, cast iron is almost invarial)ly used, thougli recently 
aluminium blocks fitted with steel oi cast-iron liners have been 
adoptedofor aircraft engines and for a few motor-car engines also. 
So far as the plain cast-iron block is concerned there is little to be 
said except that two considerations should l)e aimed at in the choice 
of a material : that it sliall cast re^wlily and be free from Uow-holes 
or porous places, and that it shall be as liard as possible (‘ompatible 
with the first consideration. There appears to be no merit in the 
use of the close-grained iroii so often called for in specifications, for 
an open grain may be just as good and is sometimes better. The 
main consideration is surface hardness, and this becomes particu- 
larly important when aluminium pistons are used, for these are 
ready enough at all times to lap the cylinder bore, and la])ping can 
be resisted only by surface hardness. In this connection it may be 
mentioned that cylinders finished by grinding seldom wear so well 
as those which have been reamed ; this appears to be due to the 
retention of small particles of the grinding material in the surface of 
the bore. These soon embed themselves in the piston, which then 
proceeds to lap the cylinder walls, more particularly wlien the piston 
is of aluminium alloy. The' habit of grinding cylinder bores came 
into force at a time when it was found difficult to obtain a satis- 
factory finish by tooling alone ; and it was soon found to be both a 
cheaper and a more satisfactory means of obtainirig at once a reason- 
ably accurate bore and a good finish, and so found wide favour 
in the eyes of manufacturers. With modern improvements in 
machining methods it is now possible ta obtain excellent results by 
reaming, and this process would appear to be preferable. No doubt, 
with care and a suitable choice of grinding wheels, embedding of the 
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grinding material in the cylinder bore can be avoided, but in many 
instances this -is not the case to-day. 

In reckit years it has uecome rather it he foshion to make ihe 
whole cylinder-head detachable. This practice has many important 
ad^ntages. In the first place, it simplifies t^ie cylinder block 
casting very considerably and (;nables the cylinder to be bori'd 
straight through — a very substantial advantage. In the second, it 
permits of the valves being placed closer together, and so, in tlie 
case of side-valve engines, rediu'es the area of surface in the valve 
pockets and permits of the cylinder centres being reduced, botli very 
valuable considic'.dions. Thirdly, it eliminates the use of valve 
plugs, which are always an objectionable feature, since they are 
uncooled and are liable to leakage. 

The principal objection to detachable heads is. that they necessi- 
tato the making of a gas- and water-joint over a large area and the 
breaking of this joint in order to get at the valves or clean out. the 
combustion chambers. By the use of suitable cop])er lushest os 
gaskets, by providing ])lenty of holding-down studs suitiVbly spa(‘ed, 
and an ample depth of head, these objection's may be ovcu’come. 
Where troiiole with (tylinder-head joints has arisen, it can generally 
be traced either to lack of rigidity in. the head or to insuflicient 
or badly placed holding-down studs. ^ (liven carefid design and 
ample rigidity, the use of detachable cylinder-heads has mucli to 
recommend it,* 

It is now customary to embody the induction manifold in the 
cylinder block casting. This cei-tainly makes for neatness, and, by 
reducing the number of joints in the system, lessens the tendency 
to’ leakage; but when these points are (xinceded and admittedly 
they are important points- there is nothing else left to recommend 
the practice, which has three serious defects : 

(1 ) The design of the induction system, and therefore the efficiency 
of distribution, must be subordinated to foundry requirements. It 
is seldom, if ever, possible to design ati efficient distril)ution system 
which can be embodied in the cylinder lilock casting. 

(2) With modern petrol having a final boiling point of about 
400° F., jacketing of the induction system with warm water is of 
very little use ; it merely serves to supply heat to the working fluid 
before its entry to the cylinder, without ensuring evaporation* of the 
heavier fractions. In previous chapters it has been shown that 
the less heat supplied to the gases before their entry to the cylinder 
the better. To prevent precipitation some heat must be supplied. 



14 ? THE INTERNAL-COMBUSTIQN ENGINE 

c 

but to be of real use it must be supplied at a high temperature. It 
is far better, therefore, to supply locally a small quantity of high- 
temperature heat just at those points 4^here, owing to (Changes in 
velocity or direction,, precipitation of liqtiid fuel is most liable to 
occur, rather thaA to subject the whole system to a contini^ous 
supply of low-temperature heat, \yhich serves merely to reduce the 
power output without evaporating any but the lighter fractions, of 
the fuel. 

(3) When the induction system is<cast in the cylinder block the 



wliole of its internal surface is rough ; this greatly increases the 
tendency qf the liquid particles of fuel to precipitate, and it increases 
also the frictional losses. " ^ 

Where high-power output and efficiency are important considera- 
tions, therefore, the practice of casting the induetjon system in one 
with the cylinder block cannot be recommended ; thoi:gh for small 
engines in which low cost and cleanness of design and freedom from 
leakage play relatively a more important part, there is undoubtedly 
much to be said in its favour. 

Apart from the orthodox multi-cylinder monobloc t}q)e, there 
are many other forms of cast-iron cylinder. Fig. 39 shows a fairly 
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common form for separate cylinders in which the sides of llie water- 
jacket are open and subsequently closed, with thin sheet -steel 
covers. This has the advuiitage that tho (‘asting is very si]u])le, 
can be inspected internall)', and the core samh thoroughly removed. 
Also, it permits of a number of cylinders being packed together more 
closely than would otherwise be^ possible with separate cylindeiv;, 
thus both reducing the length of the c^iyikshaft and increasing the 
rigidity of the crankcase, as shown in fig. 40. . * 

Fig. 41 shows a design forhirge cylinders, in this instance of 100 
horse-power, in which the liead consists merely of a circ'ular ])Iug 



Fii^ 10. — 22.") 13, H !\ Tank Kn^ino, showing clow* packing of (ylindcni 

carrying the valves, which can be removed very readily and with 
the ^^linimum of disturbance to pipe joints, etc. 

There are a great m^ny different forms of cylinder cohstruction 
in use for aircraft engines, anersome of these will be dealt with in 
further detail when considering aero-engines. One form of cylinder 
block constmctiori* which the author favours for very light or high- 
duty engines consists in carrying the aluminium crankcase up to the 
cylinder head and inserting in it loose steel liners machined all over 
and provided with flanges ^t the top nipped between the top of the 
crankcase and the cylinder head. The lower end of each liner passes 
through a diaphragm in the crankcase which forms the bottom of 
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the water-jacket, the water-joint being made by, means of a rubber 
ring as in gas-engine practice. This system; actual fo^ms of which 
are shown in figs. ^2 and 43, is of ^coursfe only an adaptaiSon of the 
ordinary horizontal ^gas- engine construction, but it haS, in the 
author’s opinion, me following advantages : — 

(1) It is at once both light and inexpensive. 

(2) It renders* the top half of the crankcase very rigid against 
benditig or torsion. 



Fig. 41.-^8^011011 of Cylinder and Hoad, UK) B.H.P. Engine. Spinch bore, opinch stroke. 
Si)e(*d, 1150,H.P.M. 


(3) It is simple and easy to cast. 

(4) The water connections can be secured to ^ the main casting, 
and not to light sheet-metal jackets, 

(5) The liners being of very simple and symmetrical form can 
be made from mild steel and case-hardened. 

This latter is, in the author’s opinion, a very valuable considera- 
tion, for his experience has been that a case-hardened liner affords 
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the most perfect wearing surface possible ; tLanks to its great surface 
hardness, it ’ may be said to be immune frpm wear, even with 
aluminium' pistons, and it can be ground* out without risk of' the 
grinding'taaterial becoming embedded in if. Afte^ a few hours’ nm- 
ning, it assumes a mirror-like surface absolutely free from scratches, 
and retains this surface indefinitely. The use, of case-hardeni'd 
liners is, however, possible only when t^^ design of the liner is tliat 
of a plain open-ended tube of nearly uniform thickness and j)erfectiy 
symmetrical. If the design be in any way complicated, unsym- 


Fig. 42, — Section of Cylinder showing loose hardened Steel Liner sealed by Rubber Ring 



metrical, or having widely varying thicknesses, case-hardening 
becomes almost out of the question on account of distortion. 

Yet another form of cylinder construction which is sometimes 
favoured consists ih casting the whole cylinder block in aluminium 
alloy with cast -in valve seats, and either screwed or pressed -in 
steel liners. This construction is open to the objection that' it is 
always difficult to ensure ^ood thermal contact between the liner 
and aluminium walls, on account of the very great difference in the 
coefficient of expansion of the two materials. 

Vni. Tl , 
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A fonvi of cyliiider construction whicli luis found groat favour 
for aircraft engines is that in \vliicli both the cylinders thoiui^olvos 
and the sn jtor-jackets are ouilt up out of .'^eel lA' welding. In sucli 
a construction it is cust’oniary to forge the cyjpnder and cylinder 
head as a* plain thimble, to screw and weld the valve ports and vabf;^ 
guides into this, and finally to weld over all a light steel water-ja(‘ket 
pressed from thin sheet and made up iv two halves. This form of 
construction is very light and sound, and thanks to ihe absence of 
castings, and therefore to tla^ small proportion of scrap, it is not 
nearly so expensive as would ap])ear at first sight. The chief objc(‘-* 
tions to it are : 

(1) It is ap])licable only to separate cylinders, or at least it 

becomes very complicated when the water-jacket embnu'es more 
than one cylinder. . . ‘ 

(2) The water connections are attached only to light sheet-metal 

jackets, whi(‘h are liable to crack from vibration. ^ ' 

(3) Freedom of design is rather limited by constructional 
difficulties. 

As regards material for built-up steel cylinders, it would a])])ear 
that a high-carbon s^teel about 0-4 to 0*45 per cent carbon gives 
good results as regards wear, but is of* course rather difficult and 
expensive to machine. For plain open-ended liners where sufficient 
thickness -is available there is nothing better than a straight low- 
carbon case-hardening steel. 

For plain cast-iron cylinders a mixture should be selected which 
will flow freely and yield a homogeneous casting with as hard a 
surface as possible and regardless of “ grain.’’ 

Of the three materials mentioned for cylinder liners, case-hard(*ned 
steel is, in the author’s experience, far and away the best from the 
point of view of wear and the surface it attains; cast iron, if fairly 
hard, and reamed, not ground, is probably second best, with high- 
carbon steel third. Low-carbon st/oel is quite useless fof cylinder 
liners unless case-l;^rdened. Bronze has been tried, and its use 
has been found to result in a higher mechanical efficiency, due 
probably to its better heht conducitivity, with the result that the 
layer of oil acDierfiig to its surface ^oes not so readily carbonize. 
Its employment is, however, quite impractical, owing to its lack of 
surface hardness, with the result that it is lapped away with amazing 
rapidity. • 

Crankshafts. — There is always a considerable difference of 
opinion as to the most suitable material ^for crankshafts. Except 
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in the case of aircraft engines, tensile strength and yield point are 
factors which need hardly he cc^isidered, "for by the time the 
requirements of torV.ionaltiigidity, freedom from whipping, stiffness 
and rigidity of crar^kpiiis and joui;nal/S, andlhe provision of Adequate 
hearing surface in a limited length, have all been met, it wilf be foi^nd 
that the scantling^ of the shaft ara such a& to put all risk of failure 
from any source but fatigiv^f qiiite out of the range of probability. 
I'he two essential requirements are resistance to fatigue and surface 
hardness. In the author’s opinion it 'is /almost a waste of time to 

* calculate out the stresses in a crankshaft, for, if the design is adequate 

from the points of view enumerated above, it will invariably be 
found that the calculable stress* in the material is quite absurdly low. 
It must be remembered that the modulus of el,asticity for all steels 
is substantially the same, and since it is ^^igidity which controls the 
design of a crankshaft, all steels are nearly on a par in this respect. 
In the Autl^or’s opinion a straight carbon steel containing about 
0-35 per cent carbon fulfils all the requisite conditions quite satis- 
factorily for most commercial puqioses except for aircraft engines. 
Tliese latter are excepted because — ^ ‘ 

,(1) Having no flywheel, aircraft engines dre less susceptible to 
torsional oscillations in the ‘crankshaft, and the latter can therefore 

• be made considerably lighter. 

^(2) In order to save weight in the shaft and in the design gener- 
ally, a bearing is always fitted between each cranktlirow, hence the 
tendency ^ whip is greatly reduced. 

(3) Owing to their relatively short working life, the area of 
bearing surface is generally cut down in order to reduce weight. 

For these reasons, the crankshaft for an aero engine znay be niade 
relatively much lighter than for other tyjies; and, as a result, it is 
much more highly stressed. 

A])art from the question of cost of material, the advantages of 
using a sk^aight carbon steel for ordinaiy engines are : 

(1) That every engineering estgiblishment if familiar with the 
methods of forging, heat treating, and machining it. 

(2) That it is very uniform m quality,‘and much less sensitive to 

errors in heat treatment. . 

In other words, it is decidedly more dependable than high tensile 
alloy steels, all of which require careful he^at treatment, and if wrongly 
treated, are liable to be dangerous. ^ « 

Fracture of a carbon steel crankshaft of reasonable design is 
a very rare occurrence iqdeed, and is generally due either to want 



MECHANICAL DESIGN *149 

• ! # 

of adequat-c fillets at the crankpins and journals, or to periodic 
torsional brat ion ; either of these causes will result in evejitual 
fracture from tatigue, no matter what tlfe maferial may be. The 
former n\ay be avoided by providing an ample nMius, and the latter 
by* avoiding periodic vibration, either by fitting a viliration dam}:ei 
or by altering the scantling of the shaft so iis to raise or low('r tlie 
periodic speed out of the normal running range. In the case of four- 
cylinder engines with reasonably light recqirocating ])arts, it is 
generally quite easy so to design the crankshaft that there shall be 
no torsional vibration at any speed of which the engine is capable.* 
In the case of siX-cylinder engines, however, it is by no means so 
easy to do this, and it then becomes desirable to employ vibration 
dampers or other m^ans to check torsional vibration. • 

The most important consideration to-day ts to reduce the rate 
of wear. This, as shown previously when dealing with lubrication, 
is a function of the surface hardness, both of the shaft jts(‘lf and of 
the bearing material in wliich it runs. The harder the sjiaft a»d the 
softer the bearing material the better, provided that the latter will 
not crush. V^ear appears to be due almost entirely to parti(‘les of 
grit embedding in the soft bearing material and so lajiping the shaft. 
The rate at which they will lap away tlfe shaft depends upon (1) the 
surface hardness ; (2) the load, whi(‘Ji governs the thickiu'ss of the 
oil film and ^therefore the distance which the particles have to 
bridge before coming into contact with the shaft. 

In general, the load on the crankshaft bearings is so ^icvere that 
it is not always possible to use a very soft bearing material, but it 
should be borne in mind that, other things being equal, the softer 
the bearing material the less will be the wear. 

Balance Weights. In four- or six-cylinder engines, the centre 
crankshaft journal is subjected to very severe loading on account 
of the cumulative centrifugal and inertia pressure from the two 
cranks on either side of it, since these g,re always in the same plane ; 
for this reason, eil^er much greater surface must be given to this * 
bearing, or the crankshaft must be fitted with balance weights to 
counteract the cfntrifugal pressure from ^the two centre cranks. 
Unfortunately, if the two centre <?ranks are fitted with balance 
weights, so also must the others. The provision of balance weights, 
however, while it relieves the load on the journal bearings, and more 
particularly on the centre t)earing, and also reduces the tendency to 
vibration of the crankcase, is very objectionable because, by adding 
masses with considerable inertia to , the various throws of 
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the crank, it increases greatly the tendency^ to *torsior^al vibration 
of tl^e crankshaft, and at the same tiling tends to lower critical 
speed. This may Ik, and often is, a serious objection toThe use of 
balance weights, f^r torsional vibration ol the crankshaft is much 
ih?ore serious ill its effects and more difficult to deal with than that 
of the crankcase. / The use of balance weights, therefore, is by no 
nieans, always to be reconmended ; they may be of advantage in 
reducing wear, or they may set up severe and dangerous periodic 
vibration, depending upon the actual circumstances. In cases 
where, owing to restrictions upon length or for other reasons, the 
area of bearing surface of the centre bearing is limited, it sometimes 
becomes necessary to provide balance-weights, and in such cases 
their ill effects can be counteracted by the luo of the Lan(‘h ester 
torsional vibration damper described in'Vol. I under the heading 
of ‘‘ Balancing.” 

There ca^n be little doubt but that the ideal cranksliaft should 
have 'case-lijardened journals and pins. It is very difficult satis- 
factorily to case-har^len a one-piece multiple- throw crankshaft on 
account of its tendency to buckle when quenched, except in the case 
of \ery short cranks such as are used in engines with two opposed 
cylinders. It is, however,* in the author’s opinion quite open to 
question whether the advantages of case-hardened bearing surfaces 
are not such as to justify the use of built-up cranks,^witirthe webs 
shrunk on to the journals and the crankpilis pressed or clamped 
into place^ Fig. 44 shows an actual example of a crankshaft 
constructed in this manner for an engine of 125 B.TI.r., running 
at a normal speed of 4000-4500 B.IMVI., which has been found 
to give very satisfactory results. Fig. 45 shows an alternative 
design with the cranl^pins clamped into place, and roller bearings 
used throughout. This devsign is intended for an engine of normal 
speed and performance. The bearings on such a shaft should 
prove wf^ll-nigh everlasting, l^ut in the event of wear or any Occi- 
dent such as the fracture of a rolla^, the Whole ^rankpin, complete 
with its roller bearing, could be replaced quite easily. Apart 
from their virtual immunity from wear, ball jr roller bearings 
have the advantage that they >are not dependent upon continuous 
lubrication to maintain the oil film and are therefore more reliable ; 
also, although the friction loss with plaii^ bearings amounts, in any 
average design, to less than 2 per cent of the maximum power of the 
engine at high speeds, and at normal working temperatures, this 
loss is almost independent, of load, and is liable actually to increase 
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as the speed is redijced. While, therefore, the total frictional losses 
of the plain' bearings on a crankshaft arei relatively small at high 
speeds ana full load, at rcdaced speeds amV loads» tliey begin to'|)lay 
an impoHant part. In the case of motor ’ vehicle |engines which, for 
the^bulk o*f their existence, operate under very liglil loads, and whose ’ 
average load factor is onlv from 30 to 40 per cent, the use of a baO- 
or^roller-bearing crankshaft would resujt^in a very ap])reciable gain 
in fuel economy, probably about 0 to 8 per cent. 

Wear of Crankshaft^S.^ In general terms, it may be said tliat 
while the greatest wear in crankshafts generally oc('urs in the main , 
journal bearings, actual failure of the bearing material is more 
frequent on the crankpins, even when both journal and crankpin 
bearings are subjected to the same load factor, •^riie causes of tliis 
state of affairs are not far. to seek. The greater .liability to failure 
of the crankpin or connecting-rod big -end bearings as com])ared 
with the main journal l)earings when both are subjected to Mu' same 
mean loading per square inch is due to : 

(1) The smaller heat capacity wliich the bearing lias to\lraw 
upon. ' 

(2) Inadeipiate support of the bearing in tlie connecting-rod, the 
big-end eye of which is generally lacking in rigidity. 

In the event, therefore, of a temporary stoppage or slowing down 
of tlie oil circulation, tlie crankpin bearing will, in a given time, attain 
a much higJier’tempendure tlian the main journal bearings, and, if 
the stoppage ])e prolonged, it will reach the critical temperature at 
which breakdown occurs (viz., about 300^ F. for ordin’ary wliite 
metal), long before the main journal bearings, which have behind 
them the heat capacity of the whole of the crankcase. 

With regard to war, in mo.st lubrication systems the oil is 
delivered first to the main journal bearings, and passes thence to the 
crankpin bearings, with the result that the jo\irnal bearings receive 
and retain most of the grit in the lubrication system, and so the more 
readily lap the shajt. ’ 

In general, the rate of wear appears to be almost directly pro- 
portional to the load factor on the bearing, and the surface hardness 
of the shaft, ^but^ almost always most rapid at the bearing which 
receives its lubrication first and so retains most of the grit. 

Connecting-rods.— The chief considerations in the design of a 
connecting-rod are : j 

(1) That it shall be stiff enough to resist not only bending and 
crushing, but also vibration. 
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(2) That it shall be afi( light as possible. , 

(3) That the big-Qn<^ teye of th^ rod shall be sufficiently rigid to 

ensure adequate support ifo the bearing. ^ ^ 

Adequately to fulfil conditions Nos. 1 and 3, means in eftect that 
l^e scantlings of the rod must be such that it has an ample margin 
of safety so far as, ultimate strength is concerned. When I. section 
rods are used, arid this is, probably the most desirable form b9th 
from Ibe point of view of manufacture and of the disposition of the 
material, the section must have suffi(^ieiit width to resist vibration 
in the plane of the crankshaft, as well as sufficient depth to resist 
bending this is too often forgotten and many mysterious troubles 
and noises are probably due to' sideways vibration of the connecting- 
rod. 

* i. 

It is clearly most important to keep the weight of the connecting- 
rod as low as possible consistent with' fulfilling the other require- 
inents, and in this connection it should be emphasized that it is the 
weight of the rod as a whole, and not that of the reciprocating end 
only, which has to' be considered. In many cases it is quite as 
important to keep down the weight of the rotating as it is the recipro- 
cating end, for while the reciprocating mass bf the rod affects the 
ballince of the engine, its Botating weight is of more importance in 
so far as it influences the ^average pressure on the crankpin and 
cnijik journal bearings due to centrifugal loading. In a srx-cylinder 
engine in which the reciprocating parts are balanced inherently, 
rotating weight plays a more important part than reciprocating ; on 
the other ‘hand, in a four-cylinder engine in which the secondary 
disturbing forces due to the inertia of the reciprocating mass are 
cumulative, it is the reciprocating weight of the connecting-rod 
which must be considered first. 

It is in the design of the eye of the big-end that particular care is 
required. 

' The first consideration is to obtain a uniform sifpport for the 
bearing, and, to this end, not only must the eye^of the rod be made 
as rigid as possible in itself, but also the load transmitted down the 
shank must be distributed ovei; it as unMormly as possible. It is 
generally useless to provide a v^de bearing becaifse of the practical 
impossibility either of obtaining the necessary rigidity or of dis- 
tributing the load over it. It is, in the author’s opinion, very doubtful 
whether any useful bearing surface can l/e obtained when the width 
of the connecting-rod big-end bearing exceeds the diameter of the 
crankpin ; in any case it is very desirable to splay out the outer 
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webs of the ^hank jft their junction with the big-end eye, in order 
to distribut-^ the loads transpiittod down thlin. * 

Another^ frequent source of weakness in connecting-rod design 
is the lacl; of provision of sufficient abutment f<tr tlie two lialves 
of the connecting-rod bearing. The ca]) of the rod sliould i)e com* 
sidered as though it were C 4 \ arch loaded at its cen'j*e, but in tension 
nobin compression. Viewed in this lig^lt it is obvious Giat iinless 
the arch has a wide abutment it will tend to close in and so ni]) the 
crankpin at the sides. In }?iglf-speed engines it is ('ommon ])ractice, 




in order to save weight, to cut down the width of the abutment td 
the lowest possibles limit^, and many /ailures of })ig-end bearings 
are directly attributable to this cause. Fig. 40 shows a design 
of connecting big-end used in some aero-engines which gave rise 
to constant failures of crankpin Viearings. big. 47 shows the 
same rod aftor the design had been corrected, when no further 
trouble arose. 

The problem of fitting Ibhe bearing itself in the connecting-rcxl 
big-end has always been a difficult one. There can be little doubt 
but that the most reliable method is to rpn the white metal direct 
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(2) That it shall be afi( light as possible. 

(3) That the big-Qn<^ teye of th^ rod shall be sufficiently rigid to 
ensure adequate support Ifo the bearing. ^ 

Adequately to fulfil conditions Nos. 1 and 3, means in eftect that 
l^e scantlings of the rod must be such that it has an ample margin 
of safety so far as, ultimate strength is concerned. When I. section 
rods are used, arid this is, probably the most desirable form b9th 
from Ibe point of view of manufacture and of the disposition of the 
material, the section must have suffi(^ieiit width to resist vibration 
in the plane of the crankshaft, as well as sufficient depth to resist 
bending this is too often forgotten and many mysterious troubles 
and noises are probably due to' sideways vibration of the connecting- 
rod. 

* i. 

It is clearly most important to keep the weight of the connecting- 
rod as low as possible consistent with' fulfilling the other require- 
inents, and in this connection it should be emphasized that it is the 
weight of the rod as a whole, and not that of the reciprocating end 
only, which has to' be considered. In many cases it is quite as 
important to keep down the weight of the rotating as it is the recipro- 
cating end, for while the reciprocating mass bf the rod affects the 
ballince of the engine, its Botating weight is of more importance in 
so far as it influences the ^average pressure on the crankpin and 
cnijik journal bearings due to centrifugal loading. In a srx-cylinder 
engine in which the reciprocating parts are balanced inherently, 
rotating weight plays a more important part than reciprocating ; on 
the other ‘hand, in a four-cylinder engine in which the secondary 
disturbing forces due to the inertia of the reciprocating mass are 
cumulative, it is the reciprocating weight of the connecting-rod 
which must be considered first. 

It is in the design of the eye of the big-end that particular care is 
required. 

' The first consideration is to obtain a uniform sifpport for the 
bearing, and, to this end, not only must the eye^of the rod be made 
as rigid as possible in itself, but also the load transmitted down the 
shank must be distributed ovei; it as unMormly as possible. It is 
generally useless to provide a v^de bearing becaifse of the practical 
impossibility either of obtaining the necessary rigidity or of dis- 
tributing the load over it. It is, in the author’s opinion, very doubtful 
whether any useful bearing surface can l/e obtained when the width 
of the connecting-rod big-end bearing exceeds the diameter of the 
crankpin ; in any case it is very desirable to splay out the outer 
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providing adequate support to the hearing .and also on aceonnt of 
the deflection of the gud’geon pin it^self. I ^ , 

So far a3 inatjtnial for connecting-rods ijconcm’ned, the ])r(>))lein 
is somewfiat the same as m the case of the cranki>]iaft, i)iit tliere is 
one important difference, namely, that the material of the rod is^ 
not called upon to function as a he«^ring surface, so that surface liard* 
ness is not required. Since to fultil tluj requirements as regards 
rigidity necessitates automatically the provision of an (Mn})le rnhrgiir 
of safety, there is seldom a\iy -(^(‘(‘asion to call for high tensile alloy 
steels. Plain carbon steels or a mild nickel steel, which can readily , 
be forged or stant))ed, will be found suitable in all but very extreme 
cases. Quite recently the use of sj)et^al aluminiu'ni alloys has been 
tried for connecting-r(^ds, and so far as the author’!^ experieiu’C goes, 
has been found perfectly satisfactory in several engines in which he 
has used them. The advantages of aluminium connecting-rods are 
very important indeed, for not only is the weight of the rod rediuxHl 
to less than half that of a steel rod of equal strength, lAit, what is 
perhaps even more important, its thermal conduct ivit/ is four or 
five times greii^ter, witli the result that the heat generated at the 
big-end bearing can be dissipated more readily. J^xperience has 
shown that with aluminium connecting-rods fitted with white-mefal- 
lined bronze shells for the crankpin bearing, a considerably higlier 
load factgt can be carried, or conversely, at the same load factor, 
the wear on the crankpin is greatly reduced. Before one can be 
satisfied definitely tliat aluminium connecting-rods are uniformly 
reliable, it ^vill be necessary to have experience of the prolonged use 
of many hundreds of rods, but already a considerable number liave 
been fittod in high-speed engines and have proved consistently 
satisfactory over more than a year of hard service. 

Gudgeon Pin.— Lack of stiffness and inadequate support of the 
gudgepn pin in the piston are common failings in many high-speed 
engines. Excessive wear and occasional seizure of the gudgeon-pin 
bearings are still epidemic in some engines, and although the cause , 
is generally attributed to inadequate bearing surface or scanty 
lubrication, careful examination w^l almost invarialily reveal that 
the real trouble is deflection of the pin causing excessive local 
pressures. Although the pressure on a gudgeon-pin bearing is very 
high, the rubbing velocity is low, and the average load fa6tor is 
certainly by no means a? high one. Given that the* pressure is 
distributed uniformly over the surface of the bearing, the rate of 
wear and the risk of seizure in this bearing should be insignificant. 
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Tn the normal design of trunk piston, the gudgeon pin is carried in 
bosses which are attached only to^the walls 'of the piston skirt, with 
the result that the fluicf pressure is conveyed to the pin at its two 
extreme ends, Iqr although the bosses themselves may be rigid 
enough, their attachment to the piston is by no means so. Calcula- 
tion will show that, in most instances, the deflection of the gudgeon 
pin under tlie nlaximum ^uid pressure is altogether^ excessive and 
quite sufficient to concentrate the loading on the two extreme 
ends of the bearing, ft is clearly of ,, the utmost importance either 
that the gudgeon pin shall receive its load from the piston crown 
at points as near its centre as the connectingrrod bearing will 
allow, or its diameter shall be such that, when loaded at the two 
extreme ends, tlicre shall be no appreciable deflection. To conform 
with the latter condition is nearly impossible, since in many instances 
it would involve the use of a gudgeon pin of such large diameter and 
weight, as to be prohibitive. Wlien, however, the gudgeon pin is 
loaded at two points, about half the diameter of tlie piston apart, 
there is no difficulty in obtaining the necessary rigidity with a 
reasonable diameter. As a general rule, for engines of noiinal com- 
pression, the diameter of the gudgeon pin should be one quarter of 
that of the piston, and its tr,ue points of support one half the diameter 
of the piston apart. With such proportions and with a full floating 
gudgeon pin the workmg life of this bearing will be almostdndefinite, 
even with scanty lubrication. 

Unless the pin be of abnormally large diameter, it is quite useless 
to provide a wide bearing at the connecting-rod small end, since its 
provision necessitates spreading the points of support and so increases 
the deflection and renders the extra bearing surface valueless. In 
the author’s opinion it is very doubtful whether any use can be made 
of a bearing width exceeding 0-35 of the piston diameter. Given 
sufficient rigidity, the wear on a gudgeon-pin bearing is extremely 
small, but, owing to the small angle through which the connecting- 
rod oscillates, it is also extremely local and tends to wear the pin 
oval. This tendency can be overcome by the use of a floating 
gudgeon pin, that is to say, by permitting the pin to turn freely 
both in the connecting-rod bearing and in the’ piston bosses, so 
that it will rotate slowly and wear uniformly all round its circum- 
ference. The use of a floating gudgeon pin removes also the difficulty 
of locating ,it endwise in the piston, w]nch is a serious trouble, 
and becomes acute in the case of aluminium pistons, in which, owing 
to their large coefficient of expansion, the gudgeon pin can be tight 
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only when the pis^n is cold. " Fig. 48 s^ows the mounting and 
means of location which the author has foi^nd the most satisfac'tory 
after mucfiiexperience. Iii^his design the }:)ad is- transmitted to’tlie 
gudgeon®pin by*two heavy webs extending straight down from the 
crown of the piston as near the 
centre as the connecting-rwl bear-^ 
in^ will permit. The gudgeon pin 
floats freely in the piston bosses, 
and is located endwise by nujans 
of light washers secured by wire 
circlips sprung into grooves near 
the end of the pin. 

For the material of the gud- 
geon pin one consideration, 
namely, surface hardness, should Kig. is.— Mo(Iio<i of i.x afmmi full 
override all others, for if the pin float imk ou<ij 4 ( on im ^ 

is stiff enough not to deflect appreciably under load, it will ho strong 
enough to resist fracture. From the point of view of surhice 
hardness the best possible material is case-hardened mild steel, and a 
steel should l)e chosen which will give a glass-hard surface. In very 
exceptional cases air-hardened steel may be used, but this is seldom 
necessary. 

Valvee. In the design of the valves, it is necessary tilways to 
remember that the objects in view are: 

(1) To provide the freest possible entry and exit for the gases. 

(2) To keep them as small as possible, consistent with the first 
condition. 

In order to comply with these conditions it is essential to make 
the orifice coefficient of cthe valve and its surroundings as high as pos- 
sible, in order that it shall pass the maximum weight of gas with the 
minimum of pressure difference. To this end care should be taken — 

(ly That the flow of the gases on either side of the valve port is 
as free as possible— so far as possible there should be no abrupt 
bends or changes of section on either side of the valve head. 

(2) The lift should always be equal to at least one quarter and 
preferably even to 30 per cent of thq port diameter. 

(3) The angle of the valve seat should be fairly flat, 30° appearing 
to be about the best angle in practice. 

(4) In order to give goofi “ stream-lining ’’ the under. side of the 
valve head, particularly in the case of the inlet valve, should be 
well radiused, the radius extending nearly to the valve seating. 
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The use of unduly large valves, and more particularly of large 
valves with a reduced liff should a)ways be avoided for the following 
reasons: “'1 • i 

(1) Except in tvery sloW-speed engines the provision of Relatively 
large valves must almost invariably be detrimental to the com- 
pactness of the cqmbustion chamber. 

(2) For a given frictiqnal resistance, and therefore for a given 
volurhetric efHciency and fluid pumping loss, a much higher entering 
gas velocity may be employed when the valve is small, has a high 
lift, and is well stream-lined, so that the degree of turbulence and 
therefore the power output and efficiency are greater. 

(3) Since both the inlet and exhaust valves get rid of the bulk 
of their heat thi/jiigh their seatings, it follows that the larger the 
valve the higher ‘Will be its temperature. It is very important to 
keep the temperature both of the exhatist and inlet valves as low as 
possible. The former because their durability is a function of their 
working tehiperature, and the latter because the entering gases are 
only too rekdy to take up heat from the inlet valves and so penalize 
the volumetric efficiency. Heat picked up from the infet valves 
may be regarded as purely detrimental, for it' is received too late in 
the induction process to be of any use in assisting uniformity of 
distribution. Its addition from this source results merely in reducing 
the density of the charge and raising the whole temperature of the 
cycle, both of which are highly undesirable from every point of view. 

(4) Large diameter valves and, in paiticnlar, exhaust valves 
result in unnecessarily heavy stresses on the valve-operating gear, 
since on full load the exhaust valves are opened against a pressure 
ranging from 50 to 80 lb. per square inch. That the valves should 
always be as light as possible consistent with mechanical strength 
and heat dissipation is of (*ourse obvious, but there is a tendency in 
many designs of higii-speed engine to carry weight cutting in the 
valves altogether too far, with the result that stretching, distortion, 
and overheating are liable tO occur. When the^ whole reciprocating 
mass of the valve and all its auxiliary gear down to the cam are 
taken into account, it will be found that the weight of the valve head 
alone, forms but a very small proportion of the whole, and it is 
generally bad policy to stint metal in the valve head and stem for 
the skke of the relatively small saving in weight effected thereby. 

Since a valve gets rid of its heat largely through the seating, it 
follows that the seating should be made fo-irly wide in order to 
provide a sufficient area of contact when the valve is at rest. Very 
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only when the pis^n is cold. " Fig. 48 s^ows the mounting and 
means of location which the author has foi^nd the most satisfac'tory 
after mucfiiexperience. Iii^his design the }:)ad is- transmitted to’tlie 
gudgeon®pin by*two heavy webs extending straight down from the 
crown of the piston as near the 
centre as the connecting-rwl bear-^ 
in^ will permit. The gudgeon pin 
floats freely in the piston bosses, 
and is located endwise by nujans 
of light washers secured by wire 
circlips sprung into grooves near 
the end of the pin. 

For the material of the gud- 
geon pin one consideration, 
namely, surface hardness, should Kig. is.— Mo(Iio<i of i.x afmmi full 
override all others, for if the pin float imk ou<ij 4 ( on im ^ 

is stiff enough not to deflect appreciably under load, it will ho strong 
enough to resist fracture. From the point of view of surhice 
hardness the best possible material is case-hardened mild steel, and a 
steel should l)e chosen which will give a glass-hard surface. In very 
exceptional cases air-hardened steel may be used, but this is seldom 
necessary. 

Valvee. In the design of the valves, it is necessary tilways to 
remember that the objects in view are: 

(1) To provide the freest possible entry and exit for the gases. 

(2) To keep them as small as possible, consistent with the first 
condition. 

In order to comply with these conditions it is essential to make 
the orifice coefficient of cthe valve and its surroundings as high as pos- 
sible, in order that it shall pass the maximum weight of gas with the 
minimum of pressure difference. To this end care should be taken — 

(ly That the flow of the gases on either side of the valve port is 
as free as possible— so far as possible there should be no abrupt 
bends or changes of section on either side of the valve head. 

(2) The lift should always be equal to at least one quarter and 
preferably even to 30 per cent of thq port diameter. 

(3) The angle of the valve seat should be fairly flat, 30° appearing 
to be about the best angle in practice. 

(4) In order to give goofi “ stream-lining ’’ the under. side of the 
valve head, particularly in the case of the inlet valve, should be 
well radiused, the radius extending nearly to the valve seating. 
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it is preferable to employ two inlet and three exhayst valves, an 
arrangement which •leniis itself very conveniently to g-n efficient 
design of combusi^on htad. Such an example is^ given in fig. 51, 



Fig 51 


which shows the cylinder head and valves of an engine developing 
80 B.H.P. per cylinder, fn this instance two small exhaust valves 
and a large one are used, the former being opened .some *30° earlier, 
in order to act as pilot valves to get rid of the bulk of the high- 
pressure* high temperature exhaust products before the large valve 
opens, and so to relieve this valve and its operating mechanism. 



CHAPTER. VII 

MECHANICAL DETAILS 

Ball and Relief Bearings. — The use of ball and roller bearings 
in internal-combustion engines is beccfming more and more extended. 
The great advantage of such bearings lies in — 

(1) Their low coefficient of friction. 

(2) Their independence as regards lubrication. 

(3) Their freedom, under favourable conditions, freni 

The disadvantages attaching to them are : — 

(1) Their high first cost. 

(2) Their tendency, under certain circumstances, to set up a dis- 
agreeable growling noise. 

In general it may be laid down that ball or roller bearings should 
be used — , . 

(1) Ip •all places where the provision of adequate lubrication is 
difficult. 

(2) In places where it is difficult or inconvenient to provide a 
sufficient surface hardness for ordinary plain bearings. 

Ball or roller bearings appear to be particularly unsuitable and 
to give rise to noise when applied to any shaft liable to flexure, as, 
for example, when fitted to the main journal bearings of a very light 
crankshaft. 

Unlike plain bearings their durability and safety are nearly inde- 
pendent of speed, but are dependent rather upon the maximum load 
to be carried. Ont^the score of reliability, therefore, they show to 
great advantage in situations where the mean load is heavy and the 
rubbing velocity very high, i.e. where the “ load factor,” as opposed 
« to the maxinuim load, is very high. 

Fig. 52 shows a typical example of ball journal bearing, and 
fig. 53 of a similar roller bearing. * 

In the author’s opinion^ suitable situation for ball, or preferably, 
roller bearings, is in the connecting-rod and main crankshaft bearings 
because, in the first place, these are very {leavily loaded, and, at the 
* 163 
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same time, since the shaft cannot well be case-harden^ all over, it 
is practically impossible to provide the requisite degree rof surface 
hardness to eliminate vfear. In the second place,. theSe bearings, 
and these alone, ' of ‘all the bea^rings in the engine, accpunt for a 
considerable amount of ^friction, since their load factor is neces- 
sarily very high. * The use of ball or roll^ bearings here will serve. 



therefore, not only substantiallT^ to reduce the friction and so to 
improve the mechanical efficiency, but it will, at'the same time, by f 
reducing friction, tend to keep the lower part of the engine very much 
cooler~an important feature especially in large engines. 

The great objection to their use for crankshaft and connecting- 
rod bearings is an eminently practical one, namely, the difficulty of 
getting them into position on a multiple throw crankshaft, since 
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such bearings canriot be split and must be thrcixded over ; this 
. entails the use of a light and lanky crankshaft, the one thing which 
* should most sedulously be avoided. With such a crankshaft, con- 
siderable flexure is bound to take place, and this tilting tlie inner 
racf^and so partially jamming the balls or rollers gives rise both to 
undue wear and to the characteristk? growling noise so often tissoc-iaied 
wiUi ball bearing crankshafts. It wcxild appear desirable, tliere- 
fore, if ball or roller 
bearings arc to be used, 
to build up the crank- 
shaft, using vcr} heavy 
and massive crankwebs 
shrunk or pressed on 
to the journals and so 
reduce as far as possible 
any tendency to flexure. 

In the case of single- . 
cylinder engines with in- 
side fly-wheels and built- 
up cranks ball or roller _ 
bearings may be used 
with particular advan- 
tage, for this^ case the 
main crankshaft bear- 
ings are shielded from the 
maximum shock press- , 
ures by the inertia of 
the fly-wheels, while the 
use of combined 

wheels and crankwebs Fig. 54.— Section of “Triumph” Crank-chamlMjr, 

. Hhowing Fall or Kollcr licaringH 

permits 01 the fitting of a 

readily detachable crank -pin which ^an be case-hardened and 
gromid, and being* .detachable, allows of the connecting-rod eye 
being unsplit. Fig. 54 shows an actual example of such an 
arrangement as ajoplied to the “ Triumph ” motor-cycle engine, 
which has be«n found particularly satisfactory from every point 
of view. 

Where the loads to be dealt with are heavy, as in the case of 
crankshaft bearings, it wo^ild appear preferable to employ roller 
bearings despite the objection that such bearings provide no end- 
wise location for the outer races. • 
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This is a serious disadvantage inherent t^ the roller^ bearing, but 
it is probably outweighed by othei* advi^ntages. <• 

Ball or roller beariri^^ should always be fitted jjo th5,t the inner * 
race is secured tightly to the shaft either by being pressed on or 
’-preferably by being nipped against a shoulder ; the outer <race 
should be left a fairly free fit in its housipg, and, in the case of ball 
bearings, should always be permitted a certain amount of sideways 
float. Wherf a shaft is carried in several ball bearings it is of course 
essential that a single one only should be used for endwise location 
by the outer race, all the others being left free to accommodate 

themselves. Ordinary journal 
ball bearings are capable of deal- 
ing with i\ considerable amount 
of cide thrust, and, in the 
author’s experience, it is seldom 
necessary to provide thrust races 
to deal with casual, as opposed 
to continuous, end thrust. Tn 
the case of rollei^, bearings it is 
of course essential to provide 
some independent means of 
dealing with end- wise location, 
and it is preferable ’always to 
provide ‘ball-thrust bearings for 
this purpose. In cases where 
the alignment is uncertain the 
use of radial ball bearings is 
to be recommended, such as 
the Skefko bearing shown in Figs. 55 and 56; 

Such bearings, however, are liable to give trouble in erection 
owing to the outer housing slewing round radially when being 
threaded, into position. The author has seen sevei'al instances in 
which it has been well-nigh impossible to* erect* certain parts of an 
engine on this account. 

Auxiliary Drives. — In the design of any high-speed engine one 
of the most difficult problems,. :f not the most dmicult, to deal with 
is that of driving all the auxiliary gear. This gear consists usually 
of the camshaft, magneto, oil-pump, water-pump, and in many cases 
also a fan and a dynamo. It is no fasy, matter to dispose all these 
auxiliaries in convenient and accessible positions and to drive them, 
each at their respective speeds, without noise or undue mechanical 
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complication. From the point of view of silence there can be little 
doubt that the use of the so-called silent chahi is the best means, 
• but it has its limitations. In the first placr, it is absolutely esseiUial 
to provide means for adjusting the tension of tlie chains if anytliing 
approaching a long working life is to be attained. Se(‘ondly, it is 
necessary to provide an arc of conjtact of the cliain with its sprocket 
wlipel of not less than 110*^ to 120°. TJbis latter consideration pre- 
cludes the use of a single chain embracing a number of sprocket 
wheels. At the very outside, #a single chain can embrace only three 
wheels, and even this applies only when the wheels are dis])osed 
approximately at the apices of an equilateral triangle a disposition 



Fig. r)(). — Skcfko Self alij'ning Hall Hearing 


which is not by any means always convenient. It is therefore 
generally necessary to provide two chains, an arrangement which on 
account of their width is very bulky and cumbersome and also ver,’' 
expensive, for chaips and sprocket whdels are at the best of times 
very costly items. 

Fig. 57 shows an arrangement wherein a single chain is employed 
to drive the camsllaft and magneto : in this instance the oil pump is 
driven directly from the camshaft, and there is no positive drive to 
the water-pump, fan, or dynamo, though the former, if it were 
required, could be driven from the shaft driving the magneto. In 
this arrangement provision is made for adjusting the chain by 
mounting the magneto shaft and wheel in an eccentric housing : the 




Fig. 67. — Single Chain triangulated Drive with eccentric Adjustment 


of the crankcase for a length of about k inches, and the magneto 
bracket and magneto are clipped on to this projection, so that the 
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alignment of the jnagneto is entirely unaffected by any rotation of 
the eccentric housing. 

Fig. 58 shows an arrangement for driving iwo camsliafts,* tlie 
magneto, water and oil pump. In this arrangement one chain en- 
circles thS cranksliaft sprocket, a half-speed idle wheel placed imnav 
diaTely above, and a jockey wheel at the side, forming a nearly 
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a spindle alongside; from which both the water pump and magneto 
are driven. The oil pump is, in this case, driven direct from the idle 
wheel and the twj> camshafts are operated by means of a triangular 
coupling rod*, also from the idle half-speed wheel. This arrange- 
ment is very neat and compact, it has the advantage that tha chains 
can be adjusted without disturbing any of the centres of the driven 
members, and is almost perfectly noiseless, thanks to the short- chain 
centres and to the use of coupling rods for the camshafts. 
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The great advantage in favour of the use of drains lies in the fact 
that they act to some extent as dampers for the torsionaf oscillations 
Df the crankshaft 6r, at ^all events, the/ do not transmit torsional 
Dscillations ; whereas,. sinc6 it reqiiires only a very minute change in 
angular velocity to reverse the loading on the gear teeth, s'pur g^ars 
have a tendency to chatter and scream when any period of torsional 
oscillation is passed through. * 

* Fr6m the .point of view of silence alone, it would be far better, 
where spur gears are used, to fit thes^ at the fly-wheel end of the 
crank sliaft where the angular velocity is virtually 'constant. In 
practice, however, there are generally serious ol^jections to this, 
both on the score of accessibikty and because the shaft is usually 
provided^ with a 'large flange for carrying the fly-wheel, formed 
integrally with the crankshaft, so that i^ is not possible to thread 
the crankshaft wheel into place. Such' a position would, however, 
be vastly preferable on the score of silence, particularly in the case 
of six-cylinder engines, for the one serious objection to the use of 
spur gearing Sies in it/s noise, and this is very largely due to variations 
in the angular velocity of the crankshaft at the end remote Yrom the 
fly-wheel. 

When spur gearing is used, it is of the utmost importiuice to pro- 
vide that the wheels shall l^e correctly meshed. To ensure this it 
is preferable always to provide some means of initial adjustment, 
for it is well-nigh impossible to ensure sufticiently collect machining 
of the centres. When using spur gearing for the auxiliary drives, 
the author prefers always to mount one or more of the idle wheels 
in any train in a separate spider carrying the bearings for the wheel 
and bolted up against the face of the crankcase. This allows of 
some initial adjustment, for the spider can* be attached by bolts 
or studs having clearance holes, and adjusted until the meshing 
is correct, when it n\ay be finally and definitely located with a 
dowel pin. 

Fig. b9 shows an arrangement in which two„ oil pumps and a 
camshaft are driven from a train of three spur wheels with the 
intermediate or idle wheel mounted on a spider as explained. 

Where the number of auxiliaries is very large, it fe often convenient 
to employ a cross-shaft driven by means of skew or spiral gearing ; 
this arrangement is neat and compact and is much in favour for the 
drive of the. magneto and water pump, both of which can then be 
disposed in a very accessible and convenient position. Such a drive 
is satisfactory and silent provided — 
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(1) That adeqiiat^ provision is made fm* dealing with tlie end 
thrust involved and for taking up any longitudinal backlash. 

(2) That ample lubrication is provided^, for such gears, being of 
the rubbing rather than of the rolling variety, ^re naturally more 
dependent upon continuous lubrication. 

There are, of course, endless j\ossible combinations and pernu;ta- 

• « 





Fig. 59.— Choto’sliowing Mounti.ig of idle Spur Whorl and Auxiliary (Joar 

tions of auxiliary drive, but, generally speaking, the all-spur drive 
or the combhiaticAi of spur drive and coupling rod is, in the author s 
opinion, to be preferred, on the grounds both of reliability and first 
cost ; and provided suitable provision is made for adjusting the pitch 
correctly, and also providing that the crankshaft of the engine is 
sufficiently stiff to resist torsional variation, it can be made to run 
very silently. 
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When applied to motor vehicles a fan and usually a dynamo have 
also to be driven. t . • . 

'I’rouble with fan drives may almost Invariably be attributed to 
attempts to run the fein foo fast. It is quite common practice to 
see the fan belt-driven from the crankshaft of a high-speed engine 
and geared to run at a speed even in excQss of that of the engine. 
The power absorbed by a fan increases approximately as the cube 
6f the‘speed, so that while at 1000 K.P.M. it may absorb only J H.P., 
at 2000 it will absorb about 2 H.P., and 3000 nearly 7 H.P. The 
4 belt drive provided is usuallv nothing like adequate to transmit 
7 H.P. at 3000 R.P.M., nor would it be reasonably) to expend any- 
thing approaching this horse-power in cooling the engine. The 
practical^ result is“that at any speed in excess of, say, about 1500 
R.P.M. the belt sUp^. This results in rQ,pid wear both of the belt 
itself and its pulleys. In many cases, 'if not in most, the normal 
running ^speed of the engine is such that the fan belt is constantly 
slipping, which is highly undesirable, and gives rise to most of the 
familiar troubles with this part of the mechanism. In general it is 
far better so to gear the fan that it runs at a considerably lower speed 
than that of the engine, and so to proportion the belt drive that it 
wilbslip only when the engine is running at momentarily excessive 
.speeds. 

.There are some arguments in favour of driving the dynamo by belt, 
for the armature of a lighting dynamo has a considerable mass and 
will therefore tend to run at a constant angular velocity; if it is driven 
positively from a member which has a varying angular velocity there 
is bound to be acute disagreement. For this reason the use of any 
form of toothed gearing for driving the dynamo is undesirable. 
Chain-driving may be satisfactory, because a chain, thanks to its 
backlash, its elasticity, and its own weight, is capable of dealing 
with moderate variatfons in angular velocity, though a belt is the 
best of all in this respect. Most of the troubles with belt drive)5 for 
dynamos are due to inadequate size and^ in spme cases, to the 
pernicious use of a three-cornered bell drive for the dynamo and fan, 
a practice which cannot be too strongly coildemned. 

Lubrication Systems.— Broadly speaking, tl[e various systems 
of lubrication may be divided into two classes ; namely, those which 
supply ‘the needs of lubrication alone and those which make use of 
the oil both ^s a lubricant and as a cooling agent. To the former 
belong all systems of trough or splash lubrication and those in which 
a small measured quantity of oil is fed to each bearing, while to the 
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latter belong alf those systems in wliich oil is fed under pressure 
directly ii^to the bearing itself. Both system;?, have tlieir advantages 
and disadvantages, and tlie choice must depend upon a consideralion 
of all th^ circumstances. ' As a broad generaliy.atX)n it may be said 
tha^in cases where the load factor on the bearings is liigli, jiressure. 
lubrication is essential because of^the cooling eflect obtained, while 
in fases wherathe load factor is comparatively low, 8})lash lubrication 
or measured feed may be preferable, on a(‘count of thedower rate of 
wear, since less abrasive gwt is imported into the bearing. Jt must 
be remembered thax so long as oil and means of ingress are available, 
sufficient will always enter the bearing to maintain the oil film, 
whether it be applied under pressure or not, so that from the point 
of view of lubrication alone, as apart from coo'llng, the .pressure 
system scores little or no advantage over the spbwh. 

Pressure Lubrication.*- The primary object of using pressure 
lubrication is to maintain a continuous circulation of a large' ([iiantity 
of cool oil through the bearings, in order to carry away thejfeat 
generated by friction. Bearing this in mind the* object. <to be aimed 
at are ^ 

(1) To circulate as much oil through the bearings as possible.^ 

(2) To keep the oil as cool as possible^ 

The amount of oil that (*an be circulated through the bearings 
of an eng^e depends upon the pressure at which it is supplied, the 
clearance in the bearings, and the viscosity of the oil. It should 
always be remembered that the pressure in itself means nothing ; 
it is only as a measure of the rate at which the oil is being i'irculated 
that it has any significance at all. In any pressure system, with a 
punip of given capacity and normal characteristics as to volume and 
pressure, the tighter tl?e bearings or the higher the viscosity of the 
oil the greater will pressure be required to force a given quantity of 
oil through the bearing in a given time. If now, owing to wear in 
the hearings or to the use of an oil of lower viscosity, the same 
quantity of oil can pass through the hearings more freely, the pressure 
will fall, but this does not mean that either the lubrication or the 
cooling effect has been reduced , 

On startir\g up,* with the oil and, the bearings cold, a very high 
pressure will naturally be required to circulate the oil through the 
engine, but so soon as the engine warms up the pressure ^\^ll fall 
rapidly, due to the reduced viscosity. Under these circumstances, 
however, the bearings are being equally well lubricated and prob- 
ably better cooled than when the oil pressure is high, since the 
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drop in pressure is due merely to the increas^jd iflow through 
the bearings. This point has been emphasized, because} there is a 
very prevalent belief th^t, with pressure systems, a low ^oil pressure 
indicates defective lubrication, and it is not at all uficommon 
,ior operators to use an oil of high viscosity in order to maintain a 
high pressure in the system, though by doing so they are really both 
reducing the flow and increasing the coefficient of friction and there- 
fore the heat generated at the bearings ; in other words, defeating 
their own object. t . 

In order to ensure a free circulation of oil it is desirable, with 
pressure feed lubrication, to keep the bearings / reasonably slack. 
From the author’s experience dt would seem that a minimum clear- 
ance of about 0*0015 in. should always be permitted in all crankshaft 
and connecting-rod, bearings when forcj^d lubrication is employed. 
The practice of putting bearings up tight and allowing them to run 
in canm)t be recommended, since it results merely in both cliecking 
the oil circulation and causing undue wear on the crankshaft itself. 

Where pressure lubrication is employed and the oil is led into or 
near the centre of the bearing it is preferable not to use any oil 
grooves in the bearings, since these merely permit of the escape of 
oil without compelling it ^o circulate over the whole face of the 
bearing and so pick up hqat from all parts ; it is, however, very 
desirable to provide flats on the crank to help distribute the flow 
from the oil hole. Both on the score of i:educing' friction surface 
and eliminating the danger of nipping, it is well to relieve away at 
the sides of the journal bearings, though such relief should not be 
carried to the extreme ends and so provide a free escape for the oil. 

With pressure feed lubrication it is generally desirable to u^e an 
oil of low viscosity, since this will permit of a greater quantity being 
circulated through the bearings in a given time and, by reducing the 
friction, will reduce the heat generated. So far as the author can 
discover, the only advantages of an oil of high viscosity are : (l^That 
the oil film is thicker, the surfaces are therefore , kept farther apart, 
and there is less chance of minute particles of grit bridging the oil 
film and wearing the metal surfftces ; (2) 'it appears to be less liable 
to work its way past the piston rings into the colnbus.tion chamber, 
though this latter is very doubtful ; and (3) the leakage loss is 
reduced. From every other point of view all the advantages would 
appear to lie with the use of a thin oil. 

Rate of Circulation. — For engines of high duty the capacity of 
the pump should be such that, at normal speed, about J gallon of oil is 
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latter belong alf those systems in wliich oil is fed under pressure 
directly ii^to the bearing itself. Both system;?, have tlieir advantages 
and disadvantages, and tlie choice must depend upon a consideralion 
of all th^ circumstances. ' As a broad generaliy.atX)n it may be said 
tha^in cases where the load factor on the bearings is liigli, jiressure. 
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The amount of oil that (*an be circulated through the bearings 
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oil through the bearing in a given time. If now, owing to wear in 
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quantity of oil can pass through the hearings more freely, the pressure 
will fall, but this does not mean that either the lubrication or the 
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pressure will naturally be required to circulate the oil through the 
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however, the bearings are being equally well lubricated and prob- 
ably better cooled than when the oil pressure is high, since the 
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Fig. 01. — Reciprocating Oil Pump 


and this is liable to set up high 
^ periodicity vibrations In the oil 
piping and so to calise. fatigue 
^nd fracture of these pipes. 

The ordinary plunger pu^mp 
, has the advantage that its volu- 
metric efficiency 'varies little 
with wear, and also that it has 
a high suction lift ; but, on the 
other hand, the suction valve 
is liable to stick, either open or 
closed, and so put the pump 
out of operation ; also it limits 
the sppecd at which the pump 
will operate (fig. 61). 

The valveless plunger pump 
as shown in fig. 62 is, in the 
author’s opinion, the most satis- 
factory of the tlrae types, for 
it has no valves to stick or to 
limit the speed of operation; 
also it is capable of dealing with 
dirt, particles of felt,", and the 
other foreign bodies with which 
lubricating oil is often freely 
supplied. When run 




at high speeds, as, for 
example, when oper- 
ated direct from the 
crankshaft of a high- 
speed , engine, it is 
necessary to provide an 
air vessel on the suction 
side in order to main- 
tain a continuous flow 
in thi’ suction pipe. 

From the author’s 
experience this type 
of pump is the most 
reliable and efficient of 


Fig. 62 . — Valvcloss oscillatmg Rlimger Pump ^^y he haS USed. 
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Oil Relief • Valves. — In order to avoid the setting up of 
dangerous pressures at startings or when usvig tliick oil or tight 
bearings, i^ is necessary ia forced lubrication systiuns to prcAude 
a pressure relief valve," and this sliorfel be sit to blow olT at 
about 25 Mb. per square incli. * When gear pumps are used and 
the flow of oil is practically continuous, almost any ty])e of 
spring - loaded relief vafve will serv^,o but when single - acting 
plflnger pumps are used and the flow is pulsating, thealesign bf tlu^ 
relief valve requires careful consideration. A form of relied valve 
which the author has found to give very satisfactory results is shown 1 
in fig. 63. It consists of a spring-loaded plunger sliding in a cylindri- 
cal casing and arranged to uncover relief ports when at the end of 
its travel. The diameter of 
the plunger should ^oe from 
50 per cent to 100 per cent 
greater than that of the 
pump, and its stroke, before 
uncovering the relief ports, 
should be nearly equal to 
that of the* pump plunger, so that it has a swept volume equal to 
two or three times that of the pump. It^should be loaded by ft long 
flat-rated spring and will then act as a kind of meclianical air vc^ssel, 
steadying^the pressure at all times, and relieving it when it exceeds 
any prc(?etermmed limit. With such a relief valve the pressure 
supply from a single-acting plunger pump is kept almost free from 
fluctuation and will appear practically steady on the pressure gauge. 

Such a relief valve should be fitted always as remote from the 
pump as possible in order to ensure that the oil has had access to 
all the bearings before, reaching the relief ; at the same time it is 
desirable that the pressure gauge connection be taken from as near 
the relief as possible, both in order to record a steady pressure and 
also to ensure that it reads the minimum pressure in the system. 

Oil Filters. — The primary objectioh to pressure feed lubrication 
is that the circulation of a large quantity of oil through tlie bearings 
necessarily involves the chculation^also of a large quantity of grit, 
and therefore tends to more rapid wear. The size of grit which 
causes ordinary wear, as apart froni visible scoring, is such as no 
ordinary filter can hope to cope with, for it must be remembered 
that the thickness of the oil film may be of the order of one-tenth 
of a thousandth of an indi, and that it only requires a particle of 
abrasive slightly in excess of this dimension to span the oil film 
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and abrade the metal surface. It"^ is obvious ^that no gauze or 
other such filter cautpossibly restnain the passage of particles of 
this wize, and that t'lie most that can be hoped for is that jt will stop 
the larger particles, mostb' of soft material, such as threads of felt 
from the filtration of the oil, or lumps of carbon from thb pistons. 
The filter therefore may keep out foreign bodies which are otherwise 
liable to choke the oil systen^ generally, but it cannot hope to influence 
the rale of wear. From the point of view of reducing wear it would 
appear that the best remedy is to provide ample settling space in 
, the oil sump where the fine particles of grit can sink bo the bottom 
undisturbed. On the whole, therefore, it would appear desirable 
to provide a coarse mesh filter,, capable of arresting large particles 
which might choice up the system, and which will not readily itself 
become choked, and to rely upon an ample settling space for the 
precipitation of the fine abrasive matter. 

Whether siu‘h a filter should be fitted on the suction or delivery 
side- is still rather an open question. If on the suction side it is 
liable; in the event of neglect, to stop the flow of oil to the pump ; if 
on the delivery side*it is, when choked, liable to burst and deliver 
the whole of its collection into the l)carings at one gul]). On the 
whole; the best compromise appears to be to fit a very coarse mesh 
^filter capable of eliminating nuts, split pins, etc., on the suction side, 
and a somewhat finer mesh but substantial filter on the pressure side. 

Experiments have recently been carried out with centrifugal 
filters or separators, and there seems a prospect that these may 
prove capable of eliminating some at least of the finer particles of 
abrasive matter and so reduce the rate of wear on the bearings. 
So far, however, very little is known as to their behaviour. 

The system of lubrication in which a smalj measured quantity of 
oil is fed to each bearing has a good deal to recommend it for engines 
in which the bearings are not heavily loaded and w^hich do not 
therefore require oil cooling. 

The quantity of oil so fed should be the minimum required to 
maintain and replenish the oil film alad provide a reasonable margin 
of safety. 

The advantages of this system are : 

(1) That only clean oil enters the bearings, and that only in 
relatively small quantities, hence the amount of grit or abrasive 
matter imported into the bearing is reduced to the minimum, with 
the result that wear also is reduced to tht lowest possible limit. 

(2) The amount of oil splashing about inside the crankcase is 
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reduced to the minitnum, so that the cylinder walls cannot be over- 
lubricated*; this is an advantage in one respect,' but on the otJier 
‘ hand it genders independent lubrication o? the c^^linders necessary 
and therefore introduces an extra ccinplication. 

'lilie principal objection to this system, and it is a very serious 
objection, is that the life of each and every bearing s6 fed is dependent 
entirely on the continuous operation of the pump or other feeder, . 
and it provides no reserve to tide over a temporary stoppage. 

Tlie use of sight-feed (iri|5 lubricators and ring oilers may be ^ 
cited as the simplest expression of this form of lubrication, while, in 
its more develope(> form, it is customary to employ either a battery 
of small slow-moving i^iimps, each feeding one individual bearing, 
<fec., or a single piini]) and (listributing valve, the pi-incipal objection 
to the latter system being the relatively long interval which must 
elapse between replenishments. 

The system of lubrication as shown in fig. 04, in whi(*h oil is fed 
continuously into troughs into which the connecting-rodi^ just dip, is, 
in its effects, intermediate between the two foregoing. As regards 
wear, it has flia advantage that comparatively little oil is actually 
forced into the bearings, and therefore the quantity of abrsisive 
introduced is relatively small. It does riot, of course, provide for 
any cooling by oil, since the quantity actually passing through or 
over the b(i?irings is comparatively very small, but it does provide a 
good dial oi reserve capfreity in the event of any accidental stoppage 
of the pump. One of the difficulties, however, with this system is 
that it is often troublesome to provide, at all times, sufficient oil for 
all the crankshaft bearings without over-lubricating the cylinder 
walls. This difficulty can be met to a large extent by lowering 
the troughs, and so reducing the depth of immersion when the 
throttle is partially closed and the load factor on the crankshaft 
bearings is reduced. This can be accomplished by liinging one 
end of the troughs and connecting the other through suitable 
linkage gear with th^,* throttle lever of the engine, as is done in the 
case of the Daimler sleeve v^lve engines. 

Wlien trough lubrication is used’, it is sometimes possible to 
dispense with an oil pump and to use either fhe flywheel of the 
engine or a disc mounted on the crankshaft to throw oil up into a 
gallery from which it may be led down to the troughs by means of 
suitable ducts. Tliis arrangement has, however, only a limited 
application, for it is not always possible to provide a disc of diameter 
sufficient to reach the oil, the highest level of which must be well 




LUBRICATION DETAILS 


i8i 

below that of the troughs. Unless there is room to fit a very large 
diameter diso, the permissible range of oil level bc^'omes dangerously 
• narrow.^ ^ • 

To sum up : There can be no doubt hut .hit wherever a high 
dut}j; is required, involving either heavy pressures or high rubbing 
velocities, or both, forced lubrication alone can be relied upon, sii'ce 
tliig system provides the oil cooling essential where high load 
factors have to be dealt with. The one and only objection to torced* 
lubrication is the increased r^^e of wear due to the large quantity of 
extremely fine abrasive material introduced into the bearing. This 
objection can bes^i be met by : 

(1) The provision of ample settling capacity in the base ('hamber 
of the engine. 

(2) The employment o^ materials for the bearings giving tlie 
maximum possible difference in surface hardness. 

(8) The provision of centrifugal filters or separatoi;s, though 
not much is known as yet as to the efficacy of these devices ; 
ordinary filtering is, however, of little use from the point of'^view 
of wear. , 

Measured feed lubrication is no doubt very satisfactory for lightly 
loaded bearings and gives the minimum of wear, but it involves the 
use of many oil pumps and provides no reserve capacity ; as sucli it 
is rather dangerous, since the stoppage of any one pump in the group 
may prove disa*strous. , Trough lubrication is, on the whole, a good 
compromise for engines in which the duty is comparatively light. 
It tends to sliow a lower rate of wear than the forced system, though 
higher than the measured oil system. It has the advantage of pro- 
viding a very fair reserve capacity, and is on tlie whole a fairly reliable 
and satisfactory system once its limitations are realized. 



ClfAPTER VIII 

VALVES AND VALVE GEAR 

The timing and operation of the valves arp problems which 
require very careful consideration, for they are factors which have 
a powerful influence on the performance of the engine, and as such 
deserve’ the most careful consideration. Since the timing and 
opening periods must be decided upon before the cam gear can be 
designe/1, it will be well to consider this side of the problem first. 

. The features to be aimed at as regards tlie inlet valves are : 

(1) To induce the maximum possible weight of charge into the 
cylinder at full loacfa. 

(2) To expend the least possible energy in the' process at all 
loadsi 

(3) To produce the maximum of turbulence during the period of 

entry. , 

As regards the exhaust valves, the problem is ’merely that of 
getting rid of the exhaust with the least possible back pressure and 
the least' distress to the valve gear. So far as the exhaust valve 
timing is concerned, there is very little to be said except that owing 
to the high terminal pressure at the time when the exhaust valve 
is first opened, the velocity past this valve is very high indeed and 
the heat flow at this period very intense. The high pressure of 
release, however, usually provides sufficient kinetic energy to 
counteract the friction and inertia in the exhaust pipe, so that a. high 
mean velbcity, both through the valve opening^ itself and through 
the ports, &c., is permissible without introducing any appreciable 
back-pressure, provided, of course, that there is no great resistance 
imposed on the flow of the gases at the outer Qud of the exhaust 
pipe. On the ground of heat dissipation it is desirable, and on the 
grounds of back-pressure it is permissible, to use small exhaust 
valves and fo work with a high velocity through the valve opening 
and ports. In practice it is perfectly satisfactoiy to work with a 
velocity through the exhaust ports 50 per cent greater than that 
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through the infet/ provided of course that the latter is not already 
excessivd In a previous chapter it has been ishown that, for all- 
round performance, the .best mean velocity through the inlet valves 
is in the^'egion of 150 ft. per second. The mean velocity through 
thcb exhaust valves may, therefore, be in the region of 220 feet per 
second. « 

. In the case of the exhaust valves, ifr is particularly desirable, from 
every point of view, to use small valves with a high lift, because, in 
the first place^'an exhaust Valve can only get rid of the bulk of its heat 
through the valve seating, for the heat carried away along the stem* 
forms only a very small proportion of the whole. It follows therefore 
that the smaller the diameter of the valve and the greater its lift, 
the better chance there is of keeping it reasonably cool.. In this 
connection it is necessary t^ emphasize that, although the maximum 
area of opening is attained in the (‘ase of a hat-seated valve when 
the lift of the valve is equal to approximately one-quart (u* of the 
port diameter, it does not in the least follow that this should Repre- 
sent the maximum lift, because, in the first phue, the valve is fully 
open only fov a small propoilion of its total opening period, and 
in the second, the orifice coefricient increases rapidly as llie lift 
is increased ; or, in other words, for a* g.ven pressure difference a 
greater weight of gas will pass through a given area of opening when* 
that arerf is provided by a small valve with a liigh lift rather than 
by a large valve with* a low lift. From these arguments it will be 
seen that, wherever possible, the total lift of an exhaust valve should 
always be a\/ least equal to, and preferably greater than, one- 
quarter of the diameter of the port.. 

Again, the exhaust valve, unlike the inlet valve, has to be lifted 
from its seat against il pressure whicdi may amount to anything up 
to 80 lb. per square inch, and for this reason also it is obvious that 
the diameter should be kept as small as possible in order to reduce 
both noise and wear and tear. , 

From every point of ’view, therefore, it is highly desirable to use 
the smallest possible diameter of exhaust valve and a high lift. 

As regards the timing of the exhaust valve, two factors must be 
taken into aecourft. It must be opened sufficiently early to permit 
of the exhaust pressure falling almost to atmospheric })efore the 
return stroke of the piston commences, and it must be held open 
sufficiently late to permit^of the residual exhaust gas escaping right 
up to the very end of the stroke. It is impossible to give hard and 
fast figures for the most suitable setting for an exhaust valve, because 
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this must necessarily depend upon so many vamable fectors, such 
as the mean gas vteldcity through ^he v^lve port and the rate of 
acceleration of the valve, For a mean gp,s velocit^y, however, of 
about 200 feet iphi j^ecorid thropgl\ the valve port and ^a normal 
^ate of acceleration, the best setting, in the author’s experience, is 
that the exhaust, valve should ,already^,have travelled through 
50 per cent of its total lift^when the piston is at the bottom dead 
centre and should be still 5 per cent open when the piston is at the 
top centre. The actual point at which the valve leaVes and returns 
to its seating is practically meaningless as a guide to the valve 
setting. / 

With regard to the inlet valve setting, we nave to talvc into 
a(icount a number'*of factors which need not concern us in the case 
of the exhaust valve. Also we have fo be much more careful, 
because not only does the volumetric ‘efficiency, and therefore tlie 
power ofitput, of the engine depend very largely upon the inlet valve 
setting, but also the negative work during the suction strolce may 
be unnecessaflly hi^i. We have to consider how many cylinders 
are drawing from any one source of supply and how far our 
efforts to obtain maximum power output should be subordinated 
to the attainment of economy on reduced loads. It will be best to 
consider first the conditions as they apply to a single-cylinder engine 
for full power, and, later, to note what modifications are ‘^lec'cssary 
to meet other conditions. As in the cjvse of the exhaust valves, we 
ought to use a relatively small valve with a high lift, though for 
different reasons. In this case we want to obtain the maxiniiun 
possible turbulence at the minimum expenditure of energy, there- 
fore we require the highest possible orifice coefficient. For full-load 
running, in particular, we want to get the highest possible charging 
efficiency, and to achieve this we want to obtain a higli velocity in 
the valve passage during the earlier part of the suction stroke, and 
to make pse of the kinetic ^energy we have acquired duringrthis 
period thoroughly to fill up the cylinder ’towq^rds the end of the 
piston’s stroke. To this end we require to open the valve rather 
gradually at first in relation to the piston’s movement, to keep it 
as wide open as possible' towards the end of the stroke, and to shut 
it as quickly as possible after the end. This does not necessitate 
the use* of an unsymmetrical cam, as may at first sight appear, but 
it depends rather upon the angular setting of the cam in relation to 
the crankshaft. To illustrate the point : 

Fig. 65 shows an ordinary symmetrical constant acceleration valve 
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lift diagram^plofted against crankshaft degrees wliere 0*^ represents 
the inner centre and 180° the oiuward centre of tlie piston. 



Fig. 06 shows the sanic diagram re-plotted in terms or ])islon dis- 
placement, while the dotted line represents the relative veloeity of 



the piston throughout its stroke (assuming in both cases that the 
ratio of connecting-rod .length to crankthrow is 3-G : 1). 



Fig. 67. — Effect of displacing Valve Opening Diagram in relation to Crankshaft 


In fig. 67, a, 6, c show^the effect of displacing the angle of the 
camshaft by ten crankshaft degrees in each case, and illustrates 
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very clearly how the general form of any given valve opening diagram 
varies with the angular relation to ‘the crankshaft. o 

‘Fig. 68 shows the chapge of velocity through the yalve throughout*' 
the stroke in tht cdse of (iiag^am, fig. 66, and assuming, for sim- 
plicity, that the pressure is constant or that the fluid is a liquid 
instead of a gas.. From tliis dij^ram it,, will be seen that between 
the middle and the end of* the stroke the velocity falls from 300 .feet 
per second 'cO nil, while the kinetic energy, due to this change in 
velocity, is made use of to pile up a ^’tatic pressure ‘in the cylinder. 
With careful design and with a mean gas velocity of 130 feet per 
second, it should be possible to pile up sufficient kinetic energy, 
during the earlier ' portion of 4he stroke, to overcome the frictional 



Fig. 08. — Equivalent Gas Velocity tlirough Inlet Valve in relation to Piston Displacenjent 


resistance of the valves, &c., and to charge the cylinder up to full 
atmospheric pressure by the end of the stroke ; it then remains to 
close the valve as rapidly as possible after the bottom dead centre 
•to avoid Joss by expulsion during the early part of the compression 
stroke.* This, then, is the setting for maximiqn power output, but 
it is not the best for fuel economy, for two reasons : 

(1) Work is done by the piston in accelerating the air column 
during the period w}\en it is travelling at a high telocity, and this is 
not returned until the piston reaches, or almost reaches, the bottom 
centre; consequently the pumping losses are relatively high, though, 
from the point of view of maximum power output, as apart from fuel 
efficiency, this is more than compensated ’for by the increased weight 
of the charge retained in the cylinder. 
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(2) Wli^ tRe inlet valve closes and the high velocity flow of gas 
towards •the- cylinder is stopped more or less abruptly, a reaction 
» takes ;^laoe, with the result that the ay flows back through* the 
carburettor and some fuel is lial)le,to be blown out and wasted. 

Jf, now, it is desirable to sacrifice maximum ])ower for 1lie sako 
of better fuel economy, it will be.preferable to extend the ])eriod of 
opening of the inlet valve by about 20»,*as shown in figs. (>9 and 70, 
to allow it to open considerably earlier and to close a t?i!le later, the 
former in ordefr to reduce tli^; pumping losses and the latter to give 
more time to till up the cylinder at the lower velocity. In this case,* 




although the opening period of the valve is 20'^^longer and the actual 
effective opening area is considerably greater, yet the maximum 
power output will be slightly less. ^ , 

The above conjiiderations hold good only when the carburettor 
is placed, as it always should be in ell single-cylinder engines, reason- 
ably close to the inlet valve port. When any considerable lengtli of 
induction pipe is interposed between^ the carburettor and the valve 
port, pressure oscillations of considerable magnitude will be set up, 
and these will tend to surcharge the cylinder at certain speeds and 
to starve it at others, while at all times they will tend* to increase 
the blow back through the* carburettor. 

When working on reduced loads, by throttling, we are no longer 





concerned with trying to fill up the cylinder, and our aim then becomes 
to maintain turbulence as far as jjossible and to reduce the fluid 
puiirtfping losses. So far ^s the former is concerned, we can only 
rely on using the smalleslf possible valves, upon keeping the orifice 

coefficient as high as we can, 
and upon ensuring that the 
gases have as unobstructed 
an entry to the cylinder as 
j>ossible after passing the 
valve. Another point of im- 
portance i^ the position of 
the throttle. If this is close 
up to the valve port, so that 
there is little capacity be- 
tween the throttle and the 
valve, then it is clear that during the idle strokes, this capacity will 
fill up to atmospheric pressure, or very nearly so, in wliich case the 
inlet should open early in the stroke and the suction diagram will be 
as shown in fig. 71*; if, on the other hand, there is a considerable 
capacity between the throttle and the inlet port, then, at the com- 
mencement of the outward stroke, the pressure in the cylinder will be 
approximately atmos])heric while that in the port will be considerably 
below atmosphere, with the result that so soon as the inlet valve opens 
the pressure in the cylinder will l)e reduced by gas flowitig out through 
the inlet valve, and there will be some unnecowssary negative work 
on the piston, as shown in the diagram, fig. 72. In such a case it will 



71. — Indicator Diagram, Suction Stroke 
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Fig.''^2. — Indicator Diagram, Suction Strok6 

be preferable not to open the inlet valve until the gases in the cylinder 
have been expanded down to a pressure corresponding to that in 
the port ; this will give a diagram such as slmwn in fig. 73, which should 
be compared with the previous figure. It is not of course practicable 
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to obtain a» valve •timing wliich will be ideal for all eondiliona of 
load, ancf the best that can be ({one is to arrange the tiiuiog to suit 
* the loaci af which the engine will be ninnjng for the majority of its 
existence.. Generally speaking,, foj’ singk^-cylinder engines it would 
appear to be best txj use a rather late opening inlet valve and to keep* 
the throttle as close as p^v^sible t(\the valve ; tin's will give the best 
results in nbrmal working. Apart frf)ifi the (]uestion of negative 
work, it is always desirable to reduce the capacity •l)etw(H'n the* 
throttle and tlie inlet valv^ far as possible, in order to subje(“t the 
carburettor at reduced loads to a pulsating suction, and thus obtain* 
better pulverization of the fuel, rather than to a continuous suck 
at a low velocity. Consideration will show that if the capacity 
between the throttle., and the inlet valve were infinite the, velocity 
through the carburiittor W(iuld be continuous thmughout the cycle ; 



while, on the other hand, if there were no capacity, then tlie mean 
velocity through the carl)urett()r during the suction stroke would ])e 
just four times as great and the pulverization of the fuel corre- 
spondingly better. 

The case of the single-cjylinder engine is relatively simple as 
compared with that when several cylinders draw from one sourc^e of 
supply. Also it is difficult to treat tluj problem of valve finiing and ^ 
distribution sepaFOktely,' for they are so closely interdep(*ndent ; 
together they form an intensely complex problem, and, prob{i})ly, 
the least understood of all prol)lems connected with the modern 
internal-combustfcn engine. , » 

We will, however, assume for the time being that we are dealing 
with a homogeneous mixture of gas and air flowing in the induction 
pipe, and endeavour to see how best to deal with certaih of the more 
common cases. ^ 

Case 1 . Two cylinders with cranks ak 360'^ and even firing. 
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2. Two cylinders with cranks at 180° and consecutive firing. 

3. Four cylinders with cranks at 180°. 

4. Six cylinders with cranks at 120° ^ed by two carburettors, 

each distributing to a gro 4 p of three cylinders. 

5. Six cylinders with cranks at 120° fed by one carburettor. 

So far as the e^^chaust valve is concerned the conditions are sub- 
stantially the same in all casec, and it is the inlet valve timing alone 
which need bo considered. 

Cask, 1. This is simply two single-cylinder engines operating 
alternately ; there is no overlapping, and the problem is the same 
as that of the single-cylinder engine. 

Case 2. This is always a very difficult one to^deal with. Probably 
the only §atisfactory solution is to provide two separate carburettors 
and two exhaust pipes and so treat as two separate single-cylinder 
engines. 

Whcii only one carburettor is fitted from which the two cylinders 
draw consecutively, the best method is probably to employ very late 
openirtg inlet \'alves in order to avoid overla;^. It is obvious that if 
the first piston sets up a high velocity in the induction system and 
relies upon the kinetic energy so acquired to fill up the cylinder at 
the end of the stroke, then it is fatal to allow the second inlet valve 
to open until the first cylinder is completely filled, for the energy 
acquired will be expended simply in forcing gas into the second 
cylinder at the commencement of its suction stroke when it is not 
required, while the first cylinder will be starved. So long as there 
is any appreciable overlapping in the period of opening of the inlet 
valves the first cylinder will always be starved while the second will 
be surcharged. On the other hand, to avoid overlapping and yet 
keep the inlet valves open long enough to allow the cylinders to fill 
up is difficult and necessitates a very late opening indeed. Also the 
short period introduces difficulty in the case of high-speed engines in 
regard to operation. Again, such very late opening as is necessary 
to obtain equality between the cylinders will rejider the suction of 
the engine very noisy when running on full load, for this is always an 
objectionable feature of very late opening inlet valves. It would 
appear that on the whple the best method of dealing with this very 
unsatisfactory form of engine is, in the case of comparatively slow- 
speed engines, to open the inlet valves very late ; and in the case of 
high-speed engines, to employ two altogether separate carburettors 
and throttles. In either case it is most deSirable to fit two separate 
exhaust pipes, for overlap between the exhaust valves cannot possibly 



be avoided, and nnlpss two pipes are fitted, cylinder No. 1 will dis- 
charge high pressure and highly Heated exhaust' pvodiu'ts into No. 2 
just before '.the completion of the exhaust stroke, thus tilling die 
clearance space of this cylinder with exhauAt g.Vs irtuler pressure, at 
the one poilit in the cycle at which tlie presence of highly heated gas . 
is most undesiralile. In some instances a fairly unciform power oi’t- 
put may be obtained from such an enfpi^e because the starving of 
No.*l is balanced by the drowning out with exhaust prodiii ts of iVo. 2, ’ 
with the result that on full throttle both cylinders give a miuh ri'diicinl 
but more or less equal performance, though in such (*ases the evils ^ 
no longer balance one another on reduced loads, when tlie ])resene,e of 
an excess of exfiaust products is more than usually objectionable. 

Case 3. Four cylinder: drawing from a single c^Crburettor^ 

Except that the floV in the branch pipe from the carburettor is 
relatively constant, this case’iA almost as difficult to deal with as thd 
‘last. So far as valve timing is concerned, cither all overlap 'of the 
inlet valves must be avoided, with the resultant difficulties of an 
unduly short opening period and noise when running c^ull throttle, 
or a certatii amount of irregularity, coiqiled withli reduction in the 
maximum power output due to robbery of one cylinder by another, 
must be tolerated. In a four-cylinder engine, liowever, the iTTanch 
pipes from the throttle to the several cylyiders are generally of con- 
siderable length, and in some cases use can be made of the kinetic 
energy in these }) ranches to fill any one cylinder despite attempted 
robbery by another, more especially so in the case of very high-speed 
engines. So far as throttled conditions are concerned, this case 
may be regarded as one in which the capacity between the throttle 
and tiie inlet valves is infinite, and, therefore, in which a late opening 
inlet valve is definitely .desirable. On the wliole, it would appear 
that, for this type of engine, it is best to use very late oyiening and 
relatively early closing valves in the case of moderate-speed engines 
and those which operate normally at a comparatively low load . 
factor, because this ^ will tend to give niore e(*onomical running at 
reduced loads ; and to use coifiparatively early opening and late 
closing valves for engines which are normally run at very high speeds 
or at a high load factor despite the fact that for, maximum power at 
comparatively low speeds this setting will be inferior to the late 
opening and earlier closing. 

Probably the best results from every point of view can be obtained 
when two independent induction systems are used, one feeding the 
inside, and the other the outside pair of cylinders. This arrange- 
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ment eliminates all question of overlap, and has beep applied by 
the author in the< case of several iour-cylinder engines designed to 
give a very high power output and economy. 

The once cortimdn practice of permitting overlap between the 
inlet and exhaust valves of the same cylinder is certainly not ^to be 
recommended. The arguments for providing overlap in this manner 
are (1) to make use of the* kinetic energy of the gases in the exhaust 
' pipeTo scavenge the cylinder and so obtain a greater weight of “ live 
gas in the cylinder when running at fuU power ; and 

(2) To lengthen the period of valve opening, with a view to 
reducing the stresses on the valve mechanism at very high speeds. 



Fig. 74, — Inditat-or Diagram at 1600 Il.P.M. shows Pressure Variations during Kxhaust Stroke 

The first is wrong in inception and bad in practice, for, in the 
first place, the gases flow out through the exhaust pipe in a series of 
pulsations, the pressure ranging usually from about 3 lb. above to 
3 lb. below atmosphere, depending upon the lengtJi of the pipe, as 
shown in the indicator diagram, fig. 74, which is taken from one 
cylinder of an engine running at 1500 R.P.M, - It is just as likely 
that the pressure at the exhaust vafve, at the moment when the inlet 
valve opens, will be above atmospheric as it is that it will be below, 
in which case a reverse process will occur and exhaust gases will 
be driven back into the induction pipe. Hence, any advantage 
which may be gained at one particular speed of rotation will be 
counteracted by a corresponding but larger loss at other speeds. 
Again, the valves are seldom far enough apart in the cylinder to 
permit of any useful scavenging efiect being obtained, fresh gas 
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merely bein^ di^vvn out of the inlet port and into the exhaust, and so 
lost. Om reduced loads the prJietiee of overia])ping is paitiiailarly 
^ bad, for iAmust be remembered that at this period the })re8sufe of 
the residual exhaust products in the exlu/iisl system is round about 
atn^osplieric, while the pressure in the induction system may l)e h;Ut 
an atmosphere or less, '^utli the^result that exhaust products aie 
simply sucked back from the exhau»t “system into the induction 
system, and that under just those conditions when the })resence of 
exhaust diluent, is most dctriniental to efficiency. The second argu- 
ment need noi apply if the valve mechanism l>e properly desigiu'd ,• 
as will be sliown Jater. In any event, care should always be taken 
to prevent adjacent cylinders from e.xhausting ibto each other. It 
is usual nowadays to combine together the exhaust ])oi-ts o£the two 
central cylinders and* to connect the exhaust jimnifold to the two 
outside and the central pair f this arrangement is faij'ly satisfactory, 
but it is better still to use eit her three or four quite se])arate*lnxhaust 
pipes l)etween the valve ports and the manifold, though in practice 
this is sometimes inconvenient. ^ ^ * 

Case*4. Six cylinders drawing from two carburettors, each feeding 
one group of three. 

This case is simple, there is no overlap of the inlet valve pl^riods, 
and in so far as valve timing is concerned eacli group may be treatc‘d • 
as tliree .^ngle-cylinder engines. 

Case 5. SixVylinders fed from a single carburettor. 

In this case (A) the capacity between tlie throttle and tlie inlet 
valve may be regarded as infinite ; (J^) overlapping of tfie opening 
periods of the several inlet valves cannot, under any circiimstarKes, 
be arvoided ; (C) unless long separate branch pipes be provided to 
each cylinder — which is almost impracticable on the grounds of 
distribution, confusion of pipe-work, &c. — little or no us(i can be 
made of the kinetic energy of the gases in the induction pipe owing 
both to the excessive overlapping and to the constant reyersals oi 
direction of flow ii^ the induction manifold. It will therefore be 
impossible fully to charge any of the cylinders, or, indeed, to attain 
a final suction pressure in'any of them appreciably in excess of the 
mean pressui;e in. the induction manifold. , Since tlie capacity 
between the throttle and the inlet valves is so large, it will pay — 
particularly on light loads — to employ rather late opening inlet 
valves in order to reduce to the minimum the negative work in the 
cycle. In such a case the )ate opening of the valves will cause very 

little noise at full load because the suction through the carburettor 
voL. II. * 44 
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ment eliminates all question of overlap, and has beep applied by 
the author in the< case of several iour-cylinder engines designed to 
give a very high power output and economy. 

The once cortimdn practice of permitting overlap between the 
inlet and exhaust valves of the same cylinder is certainly not ^to be 
recommended. The arguments for providing overlap in this manner 
are (1) to make use of the* kinetic energy of the gases in the exhaust 
' pipeTo scavenge the cylinder and so obtain a greater weight of “ live 
gas in the cylinder when running at fuU power ; and 

(2) To lengthen the period of valve opening, with a view to 
reducing the stresses on the valve mechanism at very high speeds. 



Fig. 74, — Inditat-or Diagram at 1600 Il.P.M. shows Pressure Variations during Kxhaust Stroke 

The first is wrong in inception and bad in practice, for, in the 
first place, the gases flow out through the exhaust pipe in a series of 
pulsations, the pressure ranging usually from about 3 lb. above to 
3 lb. below atmosphere, depending upon the lengtJi of the pipe, as 
shown in the indicator diagram, fig. 74, which is taken from one 
cylinder of an engine running at 1500 R.P.M, - It is just as likely 
that the pressure at the exhaust vafve, at the moment when the inlet 
valve opens, will be above atmospheric as it is that it will be below, 
in which case a reverse process will occur and exhaust gases will 
be driven back into the induction pipe. Hence, any advantage 
which may be gained at one particular speed of rotation will be 
counteracted by a corresponding but larger loss at other speeds. 
Again, the valves are seldom far enough apart in the cylinder to 
permit of any useful scavenging efiect being obtained, fresh gas 
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8ubstantiall}4 higTier economy obtained tliereby. The actual avail- 
able torqfte^-at low speeds is little, if any, reduced, while the torque 
lat high’^eeds is increased, owing to the longer })eyod of charging. 

The cafes considered cover. practical^ all the range; where 
great^ir numbers of cylinders than six are employed they are always 
divided into groups, whicl\come under one or othei of the categories 
we have considered. • 

To sum up, so far as the exhaust valve is concerned, ihe problem 
of its design and operation is ihe same for all engines iiTespc<iive of 
grouping or numbers of cylinders. It should be as small in diamotei * 
as possible ; the li^t should in no case be less than one quarter of the 
port diameter, and preferably it shoukh be as much as 30 })er cent of 
the port diameter. all cases it should be lifted and (closed as 
rapidly as possible, while, as, regards timing, it is a* good rule that it 
should be at about half lift at the outward centre of the piston and 
5 per cent open at the end of the exhaust stroke. 

As to the inlet valve, this, too, should be kept small, with a lift 
not less than one quarter of the port> area, in obtain the 

maximum of turbulence. Its time of opening and closing must 
depend, to some extent, upon the number and grouping ^f the 
cylinders, but, except in the case of six cylinders drawing from one 
carburettor, it should always be closed as rapidly as possible, the * 
primary ai#n being to keep it nearly wide open at the end of the 
suction stroke and to close it as soon as possible after. In the case 
of six cylinders drawing from one (carburettor, the inlet vaive may 
be opened and closed much more leisurely. 

Cam Design and Valve Operation.— In designing the cams 
for operating either the inlet or exhaust valves, the primary consideni- 
tions are both to open and to close the valves as rapidly as possible 
with the minimum of stress or noise, and at the^same time to arrive 
at a form of cam which can readily and easily be produced. It is 
only too often that a cam is designed ,to give a specific opening 
diagram, and to pro ride, say, a constant rate of change of accelera- 
tion throughout the whole ^opening period, which may be ideal on 
the drawing-board but almost impossible to reproduce with accuracy. 

It must be remembered that a cam profile cannot usually, if ever, 
be generated ” in the grinding machine, but must be reduced ^from 
a master cam, and that the former must be hand-made -rthe accuracy 
of its profile can be ensured only when the contour is made up of 
simple arcs of circles and tangents. 

Again, it is always very desirable to avoid any concave surfaces. 
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since these limit the radius of the grinding wheel which can be used 
to produce them, thus imposing a very tiresome limit on the manu- 
facture. By a suj table c(^mbination of can¥ and follower me necessity* 
for concave surfaces can always «be avoided. / 

‘ In the operation of a spring-controlled valve by a cam, th^ first 
piovement of thd cam imparts a positive- acceleration to the valve 
until nearly half lift, when* the acceleration changes' and becopies 
negative— -me valve is then under the control of the spring, whose 
tensiori must be sufficient to overcome the inertia due to acceleration. 
Trom about half lift to full lift, and from full lift to half closed, the 
valve is entirely under the control of the spring. » For the first half 
of the lift and t]^e latter hdf of the closing period the spring is 
inopergCtive and the movement of the valvQ is controlled directly 
.by the cam. Tlie' spring, therefore, (Joes not come into effective 
operation until the valve is nearly half open, and ceases to operat;e 
when th(3 valve is about half closed. The rate of acceleration per- 
missible while the valve is under spring control is governed by the 
pressure and raih-g of the spring, but during tlic first and last portions 
of the valve’s movement the rate of acceleration is governed solely 
l/y the permissible pressure against the flank of the cam. To make 
the best use of the spring material the rate of acceleration during 
the spring-controlled period should be such as to correspond as 
nearly as possible with the rating of the spring -that isfto say, the 
rate of acceleration should increase steadily as the' spring is further 
compressed. During the first and latter portions of the valve’s 
movement the rate of acceleration may generally be much greater, 
but should be Icept more or less constant. 

These considerations indicate that constant acceleration through- 
out the whole period is by no means ideal; or even desirable. The 
acceleration during rt he period of cam control may usually be very 
high and more or less constant, while the acceleration during spring 
control ‘should be as low as possible in order to use light springs, and 
should vary uniformly with the rating of the spring. In any case, 
of course, the acceleration must be limite^d to that at which the spring 
pressure will always overcome tlie inertia of the valve, and that by a 
margin sufficient to^^cover any friction of the valve in its guide. 

Iftg. 75 shows a convenient form of sheet for setting out cam 
designs. On this sheet are shown : 

1. The acceleration, both positive and negative, during the 

opening period. ^ 

2. The corresponding velocity curve. 
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3. Tlie corresponding valve movement on a time basis. 

4. The valve movement in relation to piston displacement, i.e. 
the valve opening diagram.^ 

5. The evolution of the contour of the oam. 
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Permissible Acceleration.— iThis must be considei’ed from two 
aspects — the highest permissible accelecation while uipcfer spring 
control and the Jiigliest permissible acceleration under diuect cam* 
control. Both, of course, depend -largely upon the toi/xl recipro- 
cating weight of the valve^and its gear, which must include haM the 
veight of the spring, • / 

With regard to th^' acceleration under spring control — this is 
ietermined* by the weight of active spring material and the per- 
missible stress in the material. In » the author’s experience, so 
"v^ng as the stress in the material is kept down to from 40,000 to 
50,000 lb. per square inch, ordinary spring steel coil springs will last 
xlmost indefinitely, even in the highest speefd engines. When the 
valve is* small, i.e. less than 2-0 inches dianiete;’, and is operated more 
ipJess directly from the cam, and whan the weight of intervening 
^ear, such as rockers, tappets, push-rods, etc., is comparatively small, 
a maximum acceleration of about 1800 ft. per second per second, 
corresponding to a spring pressure of 50 times the reciprocating weight 
when the spririg fully compressed, is usually permissil)lp, though 
except in excessively high-speed engines it is seldom necessary to 
employ so high a rate of acceleration. The acceleration at the point 
when the spring first takes' up the load must, of course, be lower, in 
gfoportion to the rating of tlie spring. In tlie case of moderate-speed 
engines there is no need to employ anything like such a higli rate of 
acceleration when under spring control, and for engines of about 15 
to 20 B.y,?. per cylinder running at maximum speeds not exceeding 
2000 R.P.M. an acceleration under spring control of 800 to 900 ft. 
per second per second will permit of as favourable a valve opening 
as can be desired. At the other end of the scale, a limit is fixed for 
minimum spring tension ; this must always 'be sufficient, in the case 
of the exhaust valvos at all events, to resist the vacuum formed in 
the cylinder when running throttled. In practice it is foimd that in 
order .to*^prevent the exhaust valves from being sucked open, par- 
ticularly when the engine is in a st^te of vibration, a spring tension 
of at least 11 lb. per square inch is required, reckoned on the area 
of the head of the valve. In the case, therefore, of a valve the area of 
whose head is, say, M square .inches, a minimum spring tension of 
33 lb. will be required when the valve is on its seating. With a 
spring of normal rating, the tension, when the valve is fully lifted, 
will be at least 50 lb. Now the reciprocating weight of such a valve 
and its attendant gear will probably b*e in the neighbourhood of 
1-5 lb., and the maximum permissible rate of acceleration in such a 
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case wHl therefore be 1080 ft. per secoiul per sccoiul. This, 

^ ' to 

however, makes no allo»vaiice for frictioiyn the guide, but even after 
making k generous allowance 
fof this factor it will be seen 
that the case for all moder- 
[>te-speed engines, when the 
valves are directly operated 
and the inte;‘vening gear is 
not heavy, is easily met by 
the provision of a spring of 
only just sufficient strength 
to prevent the exlui’ist valve 
from being sucked o\)en 
when running idle. 

The highest permissible 
rate of acceleration while 
the valve is under direct 
cam control depends upon 
the type of follower used. 

This may be either a roller, a curved slipper, or a plain tlat-looted or 
“ mushroom ” ; examples of each of which are shown in figs. 70.. 77 

and 78. At first sight, it might 
appear that the roller is the most 
satisfactory form, but on investigation 
it will be found that this is far from 
being the case, and for three reasons : 

(1) The whole of the load is taken 
on the roller pin whose projected area 
is necessarily, very small, this pin 
cannot conveniently be pressure lubri- 
cated, ^ind its facilities for obtaini^ 
replenishment of oil are very poor, ^ 
lienee it is easily overloaded. 

(2) Owing to the changes in surface 
velocity as the cam revolves and to 
the inertia of the roller itself, it 
follows that the latter cannot truly 
roll, but must skid, and that just at 

the period when the pressure on it is at a maximum. 

(3) The use of a roller greatly increa^ies the weight of the tappet 
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gear. For moderate-speed engines, when the loads are corfiparatively 
light, the use of a roller is permissible, but^t should never jbe u^ed in 
very ^high-speed engines fon the reasons stated above. * « 

The second type, namel^v, the<curved slipper, is better ^han the 

roller, in so far that it^- 
volvies no bearing which 
may become overloaded and 
break down, but it has the 
disadvantage that it presents 
only a very small area of 
rubbing surface against the 
cam, and so is liable to 
wear. Both the roller and 
t}yd slipper '' skid,” but the 
latter skids much more 
rapidly and presents only 
one face, while the former 
skids slowly an^^^h^ents a continual change of face. Agaicst this, 
however, must be set the fact that both the radius and the width 
of l^e sapper can be much greater than that of any roller. On 
the whole, the roller has the advantage on the score of wear so long 
dss^he pressure is light and the pin bearing is not overloaded, while 
the slipper scores when the rate of acceleration, and^ therefore the 
pressure, is high, for though it may wear considerably and therefore 
require rer^^wal, it will not break down altogether. 

The third type, namely, the flat-footed or “ mushroom ” tappet, 
is, in the author’s opinion, the most satisfactory of the three, but, it, 
too, has certain' limitations, for it necessitates the use of a* cam with a 
largetbase circle, which cannot always be provided. Followers of this 
type should always be offset sideways, so that the sliding of the cam 
tends to rotate them. Under these conditions practically the whole 
sijrface of the flat foot is made use of, and the wear is less than with 
^ either of the other two types, while ther-e is no pin« bearing to be over- 
loaded. It has all the advantages of the richer type in that it con- 
stantly presents a new surface in contact with the cam, and all the 
advantages of the slipper type, in that it has no bearing to fail, while 
the conditions as regards lubrication are ideal. The one practical 
objection is that it is usually impossible to employ a low rate of posi- 
tive acceleration when, if ever, this is desired ; hence it is difficult 
to obtain such quiet running as with the Wer types, though with 
careful design the difference^is very slight. .With flat-footed tappets 











Fig, 78. — Mushroom Type Follower 
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it is perfectly safe to employ a very high rate of acceleration, for tl^e 
pressure occurs only when the flank and not the tip of tlie cam is m 
•contact»with the tappet. It is perfectly safe witji the latter type, 
with cams^say, | in, wide and a tapp«t diar^eter of, say, 1 in. , to apply 
an iwerage pressure of 250 lb. during the period of cam control. In 
the case of a valve and itstgear weighing } ^ ^ spring tensi^ 

at fest of, say, 40 lb., this will correspond to A rate of pccelerati^rfof , 
about 4500 ft. per second per second. WitliTlie roller type it is very 
doubtful whether it would Ibe* safe to exceed an acceleration of about 
2000 ft. per second per second. Since, from the point of view of wea. f 
it is only the average pressure which need be taken into account, it 
follows that there is no particular advantage to be, gained by keeping 
the acceleration constant during the period of cam control, and 
that there is no objection/to following the line of least re,«’:v.- 
, ance and making the flank of the cam either a tangent or a simple 
circular arc. 

It is desirable to keep the base circle of any cam as smalt as 
practicable in order to reduce the rubbing velocitij^etween the cam 
and its follower, and this applies whether the follower be a roller or a 
slipper. ^ 

It must be remembered always that? the ‘‘ effective ’’ radius of 
any cam is the actual radius from the centre of the camshaft to that 
of the roller or to the centre of radius of the slipper. Hence it 
matters not, so far as the valve motion is concerned, whether the 
cam be large and the roller small, or vice versa, except wh^n a flat- 
footed follower is used. ,In this latter case it is necessary to use a 
cam of comparatively large diameter, but when flat-footed followers 
are used the wearing surfaces are so large and the facilities for 
lubrication so good thal a high rubbing velocity is much less objec- 
tionable. 

The author is greatly indebted to one of his assistants, Mr. R. J. 
Cousins, for the construction and development of the following- 
method for arriving » readily at, the most suitable cam contour, to 
comply with any given set ,of conditions. 

When setting out the design of any cam the first question is that 
of deciding whether the cam profile, as dictated'by the valve opening 
requirements, is permissible mechanically, rather than constructing 
a cam to conform to some ideal figures for positive and negative 
acceleration. This being the ease, an analysis was made of the 
general form of cam in which the flanks and nose are composed of 
circular arcs or straight lines, and a series of graphs prepared, giving 
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practically on sight the actual aoceleration at any point for all 
reasonable proportions of cam. ♦ 

*Fig. 79 shows^the* acceleration on tangent fknkB (dotte^f curve)* 
and round noses with ciipular followers, also harmonic cams with 
flat or mushroom follower^. ♦ 

Fig. 80 gives the fi^Tjures for hollow fla»ks with circular followers. 

' ' liig. 81 deals with iVuncl ^(convex) flanks with circular followers. 

Fig. 82 shows variou's forms of cams, internal and external, and 
indicates the graph to be used in eachicase. 

^ The formula is the same in all cases, viz. : 


Acceleration in ft. per sec. per sec. = 


K.X C X N2 
100,000 ’ 


where R = radius in inches (see fig. 82), ^ 

C = a coefircient from the corrcisponding graph, depending 
upon the form of cam and the angle from the base 
circle (for flanks) or apex (for noses), 

N = revs. per minute or crankshaft (assuming camshaft runs 
airh^b-cngine speed). 


^ A preliminary lay-out of the cam is first made, taking the known 
factors’^(which usually include the approximate base circle diameter, 
.lift, period of opening, andj'oom available for roller or follower). 

The positive acceleration at the beginning and end ofi the flank 
and the negative acceleration (on the springs) at b^^ginning of nose 
and apex are then read off, and the form of the curve visualized from 
the suitaliie graph, when it will be obvious at once if the cam is out 
of court mechanically, in which case suitable compromises must be 
made. 

Assuming that a tangent cam has been •constructed in the first 
instance, a certain ar^iount of adjustment of the positive acceleration 
may be made by altering the distance from camshaft centre to the 
•centre of cthe roller or slipper^ the acceleration varying directly in pro- 
portion, but if this would make the roller tdo large on the one hand or 
make the curvature of the roller or^slipper too sharp on the other, 
the flank may be made curved, concave, or convex as may be neces- 
sary, to increase or decrease tl\e positive acceleration. • 

This will tend to have the opposite effect on the negative accelera- 
tion oh the nose of the cam, for it will give either more or less time 
in which to* bring the valve parts to rest from maximum velocity. 

In cases where the figures are too hig(i all round, it becomes im- 
perative to increase the period to the longest possible and to decrease 
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the lift to the minimum, at th« same time providing ample 8ur%e 
on the cam and follower t<j take the heavy loadiiig. 



Fig. 82 


The negative acceleration on the nose is directly proportional -to 
the distance from camshaft centre to the centre of curvature, it 
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varies also (but not directly) as th^ proportion is altered between 
th^t distance and the radius of curvature ‘measured to the centre of 
rolled or slipper. ^ ‘ i < 

These factors provide \ ready means of adjusting the negative 
acceleration, but it is limitdl inasmuch as a long radius of curvature 
cannot be used if the c^ui period ia short or/the flank convex. 

On the other hand, tW radius may be shortened down to a figuj*e 
very little more than the^ radius of tlie follower if the engine speeds 
and lift are low. This may make the nose of the cam concentric with 
the shaft for a short distance, giving an improved opening diagram. 

It should always be remembered that the nose ofcthe cam does not 
sustain any pressure at maximum speed because the pressure exeiied 
by the springs should then balance the inertia of the valve parts, 
while, at low speeds; the pressure on this part of tlie cam must always 
be somewhat less than the spring pressure. On tlie other hand, the 
flank of Ihe'cam has to take the pressure of the spring, the gas pressure 
on the valve (in the case of the exhaust), and also the force necessary 
to accelerate the valye parts. 

It follows that sharp curvature on the nose of the cam will not 
lead to undue wear or surface cracks, but that the curvature (jf the 
cam flank and follower should be as large as possible. 

This consideration points to the use of as small a base circle and 
as large a roller or slipper as possible for any virtual cam, i.c. for any 
particular line of motion plotted at the centre of the follower. 

As the flank will usually be a straight line or a long radius curve, 
it is affected little if at all by any reduction in the diameter of the 
base circle, the nose, as explained, is loaded less and less as the speed 
increases and need not therefore be considered ( in. raduis will stand 
quite, well), while the roller or slipper is greatly improved by the 
increase in its radius of curvature, and the rubbing velocity is also 
reduced. 

In all cases of cams and followers formed of circular arcs the 
velocity and acceleration of the centre of the follower are the same as 
those of a piston having a crank and connecting-rod of lengths ll 
and L respectively (see fig. 83). Whenever possible the proportions 

of the nose of the cam should be such that y is less than unity. 


This ensures that the negative acceleration will be at a maximum 
at the apex and fall off towards thn points of junction with the 
flanks. Since all ordinary forms of spring give an increasing press- 
ure towards the top of the lift, a cam nose so proportioned permits 
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of the use. of a spring which ^ approximately balances the inertia 
at all pcfintfi. y 

• R . . 

If, \)n the bther hand, y greater than unity the arcelerStion 

incyeases towards the flanks, and as t) e spring must ])o at least 
equal to the inertia at \ any poipt, it 
fqjlows that it is too strong at tin? * ^ 

apex and throws an unnecessary stress ; 
on the valve gear. * ^ 

Flat or “Mushroom” Type 
Followers. — The cams for use with 
these are most conveniently con- 
structed of circular arcs, one of small 
radius for the nose and two others of 
much larger radius placed symmetric- 
ally on either side and tangent to 
the nose and base circles. 

The arcs of the flanks and nose 
being continued round to form com- 
pletp circhis will be seen to form cranks 
or eccentrics with which the flat-ended 
tappet engages in turn. The motion 
of the tappet is therefore composed of 83 

portions of sifnple harmonic motions 

of varying amplitude, and the radial velocities and accelerations 
about the flank and nose are proportional to the distance from the 
camshaft centre to the centre of curvature in each case. 

• This is useful feature of this form of cam for it enables one to 
determine a relationship between positive and negative velocities in 
the first instance and plot the cam accordingly. 

A convenient method of construction is appended (fig. 84 ). 

• 

of Harmonic Cams 

• (see fig. 84 ) 

Cam profile formed of circular arcs. 

Follower made with a flat face to engage with cam and moving 
in a straight line normal to that face. 

Draw a horizontal line AO of unit length, say 1 in. 

Draw BO and CO foriping angle AOB, AOC, so that each equals 
half the valve period plus clearance. (Clearance may be assumed 
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to be 12° to 16° total (crankshaft degrees), i.e. 3° to 4''a side actually 
oh ^he cam.) 

On BO produced mark off OD, making OD . OA^:: acceleration , 

,on flank of cam : acceleration on 
nose (springs). (This proportion 
may be determined at first or 
modified after a preliminary lay- 
out. Average cases range from 
2 : 1 to 3 : 1.) 

With D as centre, DA as 
radius, describe arc AB. 

With 0 ,as centre, OB as 
radius, describe arc BF. 

Then as AF : the required 
lift :: : required true base circle 

radius. (Note . — The true base 
circle radius is smaller than the 
cam profile hy an amount equal 
to the radius of the nose.) 

Construct a similar figure with true base circle and lift as re- 
quired. Then take a suitable radius (say ^ in. or more) and 
describe an arc with centre A forming the nose of the cam, and 
complete the profile by arcs from centres D, 0, and H. 

The size of the tappet head is found as follows : ^ 

Join AD and draw OG perpendicular to AD. 

Then OG is the maximum eccentricity of the point of contact, 
and occurs when the tappet is on the junction of tlie flank and nose 
curves (i.e. the point of reversal of acceleration from ipositive to 
negative). 

The radius of the tappet head must be slightly greater than OG, 
so that the cam may not overrun the edge. 

The changes may be rung yery easily on the relationship of flank 
ana nose because with this type of cam and follower very heavy 
positive pressures may safely be used'winm a, producing localized 
wear on the tappet. It will be found that high positive accelera- 
tions and long opening periods producie small base circle cams. 

Every effort should be made to keep the base circle small, and to 
this end the radius of the nose may be reduced to yV in. if necessary 
with safety. Another convenient property of these simple harmonic 
cams is that the negative acceleration is greatest at the apex and 
falls off in a regular manner towards the point of junction with the 
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flank, so th£^t if the spring pressure at the apex be made to balance 
the inertin at that point and the total deflection \rom free length 
paxiniuni compression be equal to the disfance from camsl^ft 
centre to centre of nose, the sprii^g pres u re wil! exactly balance 
the ^nertia at all other points. This renders the detenninat ion of 
the most suitable spring very simple matter,. ^ 

Interna^ Cams. — These had a considi^ra<i»le vogue at one time on 
small single-cylinder engines. When composed of circular arcs and ’ 
straight lines they follow 'the same laws as external cams ()f the 

K . . * . . 

same j- proportions, but it should be noted that the actual cam^is 

larger than the virtual cam or line of motion of the roller centre, 
whereas the ordinary external cam is smaller, so' that for auy par- 
ticuhir case the internid cam Juis a much higher rubbing velocity. 

Moreover, since the cam' must embrace the roller or slipper'the 
latter is necessarily very much limited in size and the rubbing' speed 
on the pin considerable when a roller is used. 

By the use of very good material and workmanshi]), and ])aiticu- 
larly by their success in producing excellent surfaces on the pins 
and rollers, some manufacturers have succeeded in obtaining very 
satisfactory results, but the i-y])e is certainly not to be recomtnended 
from either the theoretical or the manufacturing point of view, the 
internal grinding alone being sufficient to give the decision in favour 
of external cams. 

The graphs given in figs, 79, 80, and 81, and the key diagrams in 
fig. 82, are worked out for all reasonable proportions, but the formula} 
are given below so that' extreme cases may be dealt with. True 
radial movement of the tappet is assumed in all cases. Where the 
tappet takes the form of a lever, the fulcrum must be so placed that 
the arc followed by the roller centre approximates to a radial line, 
otherwise serious distortion of the valve opening diagram will occur, 
and stronger springs will be necessary, ^owing to the fact fhat the , 
acceleration is increased on one side of the nose and decreased on the 
other, as compared with -rihe Value for a radially moving follower. 

The acceleration in all c^ses corresponds to the second differentia- 
tion of the radjal displacement iri* respect to time and for the regular 
forms here dealt with is as follows : 

Straight line tangent to base circle 


Acc. ^ W^R 


(1+2 tan^ 6 ) 


cos 0 


( 1 ) 



2o8 


THE INTERNAL-COMBUSTION ENGINE 


Round nose, and round or hollow flank ' 

Acc ^ W“R (co8^+^^cos2g + sin«^) 
0 Acc.i-wn (w2_sin2^p 

1 . • ^ 

Simple harmonic cam with flat follower 


( 2 ^ 


f- Acc. ==^2 Rco8^, (3) 

where R=;radius in ft. from shaft centre to roller centre when on 
base circle in the case of (1) and the radius from shaft- 
centre to centre of curvature in case of (2) and (3), 


W = angular velocity in radians per sec., 

0 = angle moved through from point* of contact with base 
o circle for flank (1), (2), and (3) and, in the case of the 
nose; the angle from the apex = 180° - 6 (2) and (3-), 

^ L = radius of curvature, 

(see accompanying figures). 

iv ' 


Masked ValVes. — It will be evident that as the period required 
for the inlet valve opening is shorter than that for the exhaust, the 
accelerations will be greater, increasing inversely as the square of 
the time. It will also be noted from any ordinary valve diagram that 
as the velocity of the valve is zero at beginning and end of its period 
the value of the opening is very small for the first and last 20 
or 30 degrees. By recessiijg the valve seat in such a way that the 
outer dibmeter of the valve acts as a piston valve, it is possible to 
start the motion earlier and finish it later. While keeping the time 
of opening and closing as before (because the valve head must clear 
the recess before any appreciable quantity of gas Can pass) this 
greatly reduces the acceleration and usually permits of the use of 
the same cam for inlet and exhaust. It has also a considerable 
effect oTj, the valve opening diagram since the end of the diagram, 
instead of being attenuated,' retains a considerable value and finishes 
abruptly. 

From the point of view of volumetric efficiency this is the mosi 
useful feature of theorecessed or “^masked ” valve, ^s it is usually 
called, because it gives a large opening at bottom dead centre and 
closes 'the valve before the piston has risen sufficiently to pump the 
charge back through the valve. In normal cases a mask depth of 
about ^th to ^th of the lift is suitable. 

Valve Springs. — These must be considered from four points : 
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(1) The force at various points in the travel. 

. (2) The marimum stress in the wire. 

(3) The stress range from max. ti) mj^. 

(4) Periodic vibrations in the spring itself. 
d(l) From the displacement and acceleration diagrams a force/lift 

graph is drawn as follow.^ : , 

A number of points are taken on tlie displacement diagram from, 
apex to point of reversal (where the nose joins the flank) and are 



Fig. 85 


projected down to the acceleration diagram and also horizontally to 
a vertical line.* 

On the horizontal lines are marked off the distances A, C, D, 
&c., equal to the corresponding vertical ordinates on the acceleration 
diagram. These points are joined by a curve which shows the force 
necessary to balance the negative acceleration in terms of the lift 
(see fig. 85). 

VOL. II. 
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Practically all valye springs foUow a straight line law, and 
therefore the straight line which most nearly corresponds to the 
force/lift graph repj-esehts the most suitable spring. , 

If A is the acceleration at any p^int in ft. per second per second the 

force should be F - - ^ I>lus a small allowance for friction. W is 

f oJi A ' 


the weight in lb. of the valve, tappet, etc., including half the weight 
of the spring. (This latter figure may be assumed and a subsequent 
correction made if necessary.) The mininuim force muSt be sufficient 
to hold the exhaust valve shut when the throttle is 'almost closed 
and to avoid unnecessary loading on the valve geer, the maximum 
should be just high pough to allow a safe margin beyond the highest 
engine speed. 

The maximCim stress in the wire must be well below the 
yield pgint, otherwise permanent set will take place and the free 
length will become less, thus reducing the force required to compress 
the spring to any given point. 

It is not advisable to exceed 30 tons per square inch, and it is 
always preferable to keep within 20 to 25 tons per square inch 
maximum. 

(3) T^he stress range, i.e. the difference between the initial stress 
‘(valve closed) and the maximum stress (valve fully open), sliould be 
kept down in order to avoid fatigue and rapid deterioration of the 
metal of the spring. The range should not exceed 12 to 15 tons per 
square inch according to the quality of the steel and the life expected. 

(4) If the mass of the spring itself be too great in relation to its 
stiffness (which is proportionate to its rate, i.e. the force in 1})S. 
required to compress it 1 in. axially) the natural period of oscillation 
of the spring becomes large and may even approach the period of 
the valve motion. Serious vibrations may then be set up, and the 
spring is liable to fatigue and may allow the valve gear to jump 
tbe cam. ' 

The number of free vibrations per minute of the centre of the 
spring when the ends are held is : 


N =513v 


W, 


where = number of vibrations per minute, 

R = rate of spring, i.e. lbs., required to compress it 1 in. axially, 
and W = the weight of the spring in lbs. 

If it is found that N is equal to the revolutions per min. of the 
camshaft or is a simple multiple of same (say 2, 3, or 4 times), it is 




Tons p£R SoofSRE inch Stress 


Fig- ift. — Spring Graph — Stresses 
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practically certain that the spring wiM shudder and cease to function 
properly. . * 

A vibrating spring appears blurred when the engine is running, / 
whereas in a spring which is funcflioning correctly, the central coils 
can be seen clearly owing t^ the fact that they are stationary while 
'the valve is shut (say,'* two-thirds of the total time) and the eye 
-retains the impression. 

The accompanying gr^fphs will assist in the selection of the gauge 
pf wire (see stress graph fig. 86 for light gauges and fig. "h? for heavier 
gafiges) when the force and approximate diameter of spring are 



M«am Oi»nkT»n or Coiu» in IncHik 


Fig. 88. — Spruig Graph — Deflection 


known. The deflection per coil (d) may be read off from the 
deflection graph (fig. 88). The total deflection (D) being already 
fixed (seb figure for force/lift graph) the number of effective coils is 

and the total number ^ + 2. 
d d 


The maximum stress' = lb. sq. inch^ 

where F = maximum force in lbs., 

D = mean dia. of coils in inches, 
d = dia. of wire in inches ; 


1 . . . p 8FN]> 

also the maximum deflection = 
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where N -effcctiYe munbe.* of coils (toLi! niiniis 2), 

and-C -tlie transverse modulus of elasticity - l.‘],0(H),000./ 
The spring thus ai rived at should then ha .*onsider(*d ilnder 
heading (4) before being passed as suitable. 

•It ^\dll be apparent that (3) and (4) are in opposition, for if the 
stress range be kept /oe low, the snring loses stiffness and iua\ 
develop slow vibrations in time with the valve gear. 4dien' is luj 
difficulty in practice in satisfying both points even in very high-speed 
engines. 



CHAPTER IX 

% 

(* 

PISTON DESIGN 

In the first volume of this book the question of |)iston design was 
dealt with at considerable length, and though written some eight years 
earlier, the principles laid down and the views expressed therein hold 
goo^^^ generally speaking, at the preseik day. Broadly speaking, 
the main objects to aim at in the design of a piston for the lighter 
high-speed types of internal- combustion engine are 

(1) l To reduce friction to the lowest possible limit. 

(2) To reduce the weight. 

(3) To dissipate heat to the walls of the cylinder. 

(4) To prevent the passage of oil into the combustion chamber. 

(5) To provide adequate support for the gudgeon pin. 

As has been shown in the first volume, conditions 1 and 2 are 
largely interdependent, for the bulk of the average pressui^ exerted 
by the piston against the cylinder walls is, in any high-speed engine, 
due to the resolved component of the inertia forces which, when 
averaged over the whole cycle, exceeds the fluid pressure ; hence if 
the weight is reduced the average bearing pressure is reduced also, 
and for the same bearing pressure per square inch, and, therefore for 
the same durability, the area of bearing surface may be reduced 
nearly in proportion to the weight. 

Piston friction is of course dependent also upon the nature and 
cdhditibn of the lubricating oil adhering to the cyhnder walls. 

The general question of lubrication and friction has been con- 
sidered in relation to bearings, etc., in Chapter V, and it has been 
shown that friction to a large extent proportional to the area of 
surface, the viscosity of the lubricant, and, to a much less extent, 
to the* load. In the case of the piston, however, the conditions 
are somewhat different ; in the first place, although the rubbing 
velocity is higher, the average load' is low and is, compared with 
any of the bearings, small. Under suAh conditions the area of 
surface and the viscosity of the lubricant play a very important part. 

214 
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With regard to the area of surface, it is clear that only the surface 
at right* angles to the line of the crankshaft is operative, the surface 
,at the^sicles of the pisten receiving no thrust at y-lf It is theitfore 
clearly desirable to remove all inoperative surface iii order to reduce, 
as far as possible, the area of the oil film in shear. In view of the 
very light loading to which a piston is subjVcted, a relatively smab 
area of bearing surface suffices, and for a reasonably light piston ai\ 
actual bearing surface on either side equal/ to 50 per cent of the area 
of the crown* should be ayiple, provided it is pro])erly disposed ; 
that is to say, provided it is disposed equally above and below the 
gudgeon pin andtover a subtended angle of from 90° to 110°. The 
author has never heard of any case of a piston seizing from over- 
loading of the bearing surfaces. Seventy per cent of piston* seizures 
are .due to insufficient allow<ince for expansion or to distortion, and 
the remaining 30 per cent to complete failures of the oil supply. 
As to wear, in the case of cast-iron pistons at any rate, this is mainly 
due to the piston rings ; it is very unusual to find any serious wear 
on die bearing surfaces of a piston or in the cylinder bore *l)elow 
the travel of the piston rings. In the case of aluminium alloy pistons 
the position is somewhat different, because the softer metal of the 
piston permits of particles of grit embedding in its surface, and so 
grinding or lapping the cylinder walls ; also there is evidence to 
show that some at least of these alloys are liable to form a highly 
abrasive surface due to segregation of a hard component of the 
alloy. 

It has already been shown in Volume I that, when compared 
widi any other bearing surface in the engine, the friction of the 
piston is abnormally high ; this is undoubtedly due primarily to 
the fact that the oil is partially carbonized and its viscosity, and 
therefore its resistance to shear, is greatly increased. It must be 
remembered that, at every cycle, most of the oil clinging to the walls 
of the cylinder barrel is exposed to the^ull flame temperature of the 
burning gases. It is probable also that the fluid resistance is greater 
when the direction of motion is constantly reversed than when it is 
continuous, as in the case of a shaft running in bearings. As an 
illustration of *the effect of the carbonizing of the oil on piston friction, 
the author has always observed, when testing engines on .electric 
dynamometers, that if the supply of fuel be suddenly cut off after 
running under load and the engine motored round by means of the 
dynamometer the friction torque is at first high, but falls rapidly as 
the carbonized oil on the cylinder walls is replaced with fresh clean 
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oil from the lubricating system. Fig. 89 shows a t^ical curve of 
tot^l friction torque on a time basis carried out under these con- 
ditions. The engi,ne in this instance was <run under full l}md at,, 
1200 li.P.M. for a considerable |)eriod, until all temperature con- 
ditions had become norma| ; the supplies of circulating water and 
fuel were then simultaileousiy^cutpfE and tjle engine motored round 
at precisely the same speed-— the change over from full load running 
to motoring’ being effected without any measurable in'^erval of time 
and without any appreciable change iq speed. In this particular 



time: ini minutes 

Fig. SO^Curvo showing Drop in Friction Torque as contaminated Oil is replaced by fresh Oil 


case the friction losses of the bearings and auxiliaries and the fluid 
pymping ‘losses had all been ascertained separately, and were foimd 
to be equivalent to a mean pressure of G-'5 lb, per square inch at 
1200 R.P.M. Deducting these, the piston friction is as shoAMi in 
the curve, fig. 90, from which it will be observed that it falls from the 
equivalent of 9-5 lb. ;^er square incli immediately after the fuel is 
cut off to G-5 lb. per square inch after ten minutes, by which time 
it may be presumed that practically the whole of the carbonized oil 
on the cylinder walls has been replaced by fresh oil. 

Influence of Temperature on Piston Friction.— As might 
be expected, the friction of the piston is largely dependent upon the 
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temperatiue of the lubricant, a'ad since the temperature of the lattej 
is determined primarily by that of the cylinder walls to whict it 
, clings, ‘it follon^s that the frirdion is controlled ^4ei/ largely by the 
temperature of the cooling water. In ('hapter jfl, when dealing 
witli the influence of cylinder temperatup ‘ upon power and economy, 
it was shown that the indicated horse-power of an engine decrease^’ 
with increase of temperature, because the reduction in the weight, 
of charge far more than outweighs the sbglit gain due to reduced 
heat losses. Tin practice tli^ brake-horse-power and economy of an 
engine generally inc^rease with increase of temperature, because >tlie 



TIME IN MINUTES 

Fig. 90. — Curve showing Drop in Piston Friction alone from fig. 89 

reduced piston friction more than compensates for the reduction in 
indicated power. Fig. 91 shows the results of a test on a standard 
four-cylinder commercial vehicle engine when motored at a spefd 
of 900 K.P.M. In this tdst, after the engine had been run for some 
time the water-jackets were thoroughly flushed through with cold 
water until the cylinders had been cooled down to atmospheric 
temperature. . The supply of Circulating w^r was then cut off 
and the rise in temperature and the friction torque (expressed in 
terms of mean pressure on the engine) were recorded at intervals 
of two minutes. 

In the case of this epgine, the friction of the bearings and 
auxiliaries and the fluid pumping losses w^re determined separately, 
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and were found to amount to the equivalent of 5*5 lb. per square inch 
at |.20° F. If this figure be deducted throughout, it will be observed 
thati the piston paction falls from 10-5 lb. oper square inch twith a^ 
cylinder temperature of 70^^ F. \jO 5*6 lb. per square inch with a 
temperature of 150° F. O^^er this range of temperature the decrease 
in indicated mean pressure!, in t|;ie case gf this particular engine, 
^is about 2 per cent or 2 lb.*per square inch, but the drop in piston 
friction is eljuivalent to i^bout 5 lb. per square inch, so that the net 
increase in power at the higher tempej’ature would Be about 3 lb. 



Fig 01. — Motoring Tests, showing Change of Friction with Temperature at 900 R.P.M. 


per square inch or 3 per cent. This agreed fairly closely with actual 
results obtained when running under power, when the difference was 
found to be nearly 4 per cent. The conditiops are not, however, 
exactly comparable, because — 

(1) When running under power the temperature of the piston 
and inner surface of the cylinder walls is higher than that of the 
jacket water; this would tend to reduce the difference in piston 
friction between hot and cold, because the whole temperature scale 
is virtually raised. 

(2) When motoring, the oil on the ^cylinder walls was clean, 
consequently the piston friction was lower ; under actual running 
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conditions Uie piston friction wks no doubt about 30 per cent greater 
at all temperatures; this would accentuate tlie^ differeme, jyid* 
^robab^ more than outweighs (1). , / ♦ 

Dissipation of Heat. — The heat from the crd wn of the ])iston 
is disposed of — 

(1) Through the rings to the c^^linder walls 
. (2) Through the bearing surface to the cylinder walls. 

(3) To the oil and air below the piston. 

There is a ‘great deal of evidence in support of the theory that, 
in comparatively small engines at «all events, the bulk of the Ji^at 
passes to the cylinder walls via the piston rings. The author could 
cite numerous experiments in confirnntion of this theory, but it is 
probably sufficient to state that experiments have shown that, when 
all transference of heat by way of the bearing surfaces has beeii cut 
off, the temperature of the piston crown is found to be verv liitlc 
higher. In any case, it is evident that heat can only be transmitted 
rapidly to the cylinder walls through that portion of the skirt- or 
bearing ^surface which is being pressed hard against them hy the 
thrust of the connecting-rod and where the oil film is therefore 
both thinnest and in most active movement. 

The proportion of heat carried away by the circulatioii of the 
air and oil below the piston cannot be very large and need not be 
taken seriously into consideration, except in cases where special 
arrangements are made to increase these effects. 

It is quite clear that the most important consideration is the 
transmission of heat from the centre of the crown to the circum- 
ference ; once the heat can be conveyed to the circumference, 
experience shows that there is no difficulty in getting rid of it. In 
order to facilitate the transmission from the centre to the circum- 
ference, it is obvious that the crown should be made as thick as 
possible consistent with the weight limitation, and the conductivity 
of the material should be as high as possible. During the lest f^w 
years the use of aluminium alloys has come into vogue for pistons ; 
not only is their weight aljout one-third that of cast iron, but their 
conductivity is about five times as great. With such alloys, it is 
found that the rate of heat transmission is soTiigh that, even in the 
case of cylinders developing over 120 B.H.P., there is no need to 
make the crown of the piston any thicker than is needed for strength 
alone. Recently all aero-engines, and many others also, have been 
fitted with pistons made* throughout of aluminium alloys. The 
objections to an all-aluminium piston are : — 
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(1) That owing to The very high ‘rate of expansion with tempera- 

ture a large ckaranee must be allowed ; this causes an audible 
knock when thm thrust is reversed under pressure at the en6 of th^ 
compression str^e. ^ 

(2) Aluminium being a relatively soft material permits of particles 
of grit embedding in it, and is therefore liable to cause wear of the 
cylinder walls unless the laiter have a very hard surface. 

(3) Aluhiinium castings, unless very;, carefully annealed, are 
liable both to grow and to distort, so khat yet more clearance must 
be, allowed on this account. 

None of these objections apply when the crown* and ring-carrying 
portion alone is made of aluminium alloy and the bearing surfaces 
of cast"- iron, while advantage can still be taken of the high con- 
ductivity and light ‘v>«eight of aluminiurpj. 

•i^assage of Oil into the Combustion Chamber.— One 
common form of trouble with internal- combustion engines, and more 
particularly with those of the high-speed enclosed type, is the passage 
of oil into the combustion chamber, where it carbonizes both on the 
walls of the chamber and on the crown of the piston, and so gives 
rise to detonation and ultimately to pre-ignition. Passage ,of oil 
past the piston rings and so into the combustion chamber is 
' due to — 

(1) The oil is forced up against the rings on the downward stroke 
of the piston because the motion of the piston, combined with its 
thrust against the cylinder walls, sets up a very considerable hydraulic 
pressure and the oil is, so to speak, rolled up against the rings. 

(2) The motion of the piston rings in their grooves tends to 
pump the oil into the combustion chamber. 

In order, as far as possible, to prevent the passage of oil into the 
combustion chamber^ the following considerations should be taken 
into account : — 

(1) . Tile setting up of a heavy hydraulic pressure can largely be 
prevented by perforating the bearing suiiace .so that the pressure 
can relieve itself, and also by freely ventings the piston just below 
the bottom ring. 

(2) As the piston ‘travels downwards the rings a*re all bearing 
against the top faces of the grooves, and the clearance between the 
lower sides of the rings and their grooves is filled with oil scraped 
from the cylinder walls. As the piston rises again, the rings change 
over and bear against the lower face of the groove ; the oil therefore 
passes round behind the rings to their upper face and, at the top of the 
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stroke, when the rings again change sides, some of it is squeezed out. 
It will b*e seen therefore that each ring fimctions as a valveless oil* 
pump a»id tends to deliver oil into the combusTion^cif.t^vniber. ^ 

In order to reduce this pumping as far as possjby.ir - 
(^) The rings should be made as close a fit as possible in their 
grooves. ^ ‘ 

^ (2) Ample venting should be provided below the lowest ring to 
permit of the free escape of any oil scraped f the cylindc r walls. 

(3) The t^denoy of th^ rings to pumn oil can further l)e 
checked to a Idrge extent by drilling 
holes through th<i ring groove behind the 
ring, thus permitting of the free eseape 
of any oil as it passes the back of the 
ring. * 

This latter expedient should apply 
only in the case of the lowest ring, since 
such drilling permits also of the escape 
of gas. Fig. 92 shows an arrangement 
of rings* &c., which has been found very 

effective m preventing the passage of oil Holes dniiod through cnmvc 
into the combustion space. * 

There is a widespread belief that the passage of oil into the 
combustiqp chamber is dependent primarily upon tlic pressure or 
vacuum in the Cylinder, and that, when throttled down, the reduced, 
pressure in the cylinder during the suction stroke causes oil to be 
sucked up past the rings. This belief is founded upon the fact that 
when an engine is opened out after running throttled up, smoke 
becomes apparent, indicating an excess of oil in the combustion 
chamber. Also when an engine has been run with the throttle 
nearly closed and the cylinders or valve caps c.re removed, oil in a 
liquid state is then found in the combustion chamber. In spite of 
such evidence, however, the theory is quite fallacious, for the actqal 
quantity of oil passing the rings is found to be a function of the 
speed, and of the speed alone, the pumping pressure set up by the 
rings being of far too high an order to be influenced appreciably by 
any relatively, slight differences'of pressure ill the cylinder. When 
an engine is running at or near its full load, the oil passing into the 
combustion chamber is burnt along with the fuel ; combustion is 
nearly complete, so that no smoke is visible from the exhaust. 
When running dead light i^e flame temperature, owing to the large 
dilution with exhaust gases and the relatively higher rate of heat 




loss, is insufficient to, bum the oil, .with the result that.it accumu- 
lates in the combustion chamber until the throttle is opened; the 
qhiyitity is then so latge that there is not sufficient oxygen available 
for its completely combustion at lirst, with the result that it is only 
partially burnt and issues from the exhaust as blue smoke — that is, 
as partially vaporized but ^nburnt oil. / 

In any normal high-speed closed-type engine, about 90 per cent of 
the lubricating oil consumed is burnt in the cylinder as fuel, a fact 
wliich should always be borne in mind ,when reckoning the efficiency 
of an engine, for the hourly consumption both of fuel and oil should 
be taken into account. In most normal engines, .the proportion of 
oil consumed is vdry small in relation to the fuel and does not 
materially affect the consumption of the latter, but in the case of 
certain aero-engines, , particularly of the rotating cylinder type^ the 
consumption of oil is so high as materially to reduce the fuel 
consumption, and so give rise to a fictitious fuel economy. 

•The author has carried out a number of tests in order to ascertain 
the influence of both pressure and speed on the passage of oil into the 
combustion chamber, and has tried the effect of motoring an engine 
and collecting the oil passing the piston under the following con- 
ditions - 

(1) When the pressure on either side of the piston is atmospheric. 

(2) With a continuous vacuum of 20 in. of mercury in tli^ cylinder. 

(3) With a continuous air pressure of 45 lb. per sc(uare inch above 
the piston. 

In ah three cases the quantity of oil passed per hour was, within 
the limits of observation, the same— certainly to within 10 per cent. 
In all cases also the quantity of oil passed by the piston varied almost 
directly as the speed of rotation. 

In fig. 93 is f^hown a special machine used for testing pistons and 
rings for — 

(1) Friction. „ 

(2) Leakage. 

(3) Passage of oil. 

It consists of a water- jacketed cylinder mounted on a crank- 
case in which different types of pistons, rings, &c., oan be fitted. 
The piston is reciprocated by means of a crank and connecting-rod, 
and, to' ensure freedom from vibration, reciprocating balance weights, 
operated by eccentrics, are provided. The cylinder is heat-insulated 
from the crankcase and the friction of the ^piston is measured directly 
by the temperature rise of the water in the jacket. In order to 
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ensure uniformfty of temperati re the water in the jacket is kept 
circulating by means of a «mall propeller driven by^a belt from the* 
crankslyift. Tjie top end of the cylinder is contuibted to a lafge 
and heavily lagged receiver of suificient capacity/^o l^revent any 



Fig. 93. — Photo of Machine designed for tenting Pistons 

aporeciabl*^,. variation in pressure, so that the same air is drawn in 
and out of the ‘cylinder at every i5troke, and errbrs, due to the circula- 
tion of cold air inside the cylinder, are eliminated, or nearly so. 
This receiver is, in turn, connected to an air pump so that the pressure 
on the piston can be raised or lowered to any desired degree, and the 
effect of fluid pressure botf^ on piston friction and the passage of oil 
can be observed. 
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For lubrication, oil is forced under a pressure of 30 lU per square 
Tnch through tLe hollow crankshaft, from which it passes out through 
th^^ connecting-tod big-end bearing and is thrown oi\ to the cylinder 
walls. I ' V 

For testing gas tightness and leakage of rings the receiver is 
removed and a plain cover i|:tted in its place/on the top of the cyhnder. 
This cover is provided wWi a small and very light automatic inlet 
valve connected to an air-measuring device. With this cover fitted 
the piston alternately compresses and e;xpands the air in the cylinder, 
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the maximum pressure being about 220 lb. per square inch. Any 
leakage past the rings is made up by air entering through the inlet 
valve, and the quantity of air so required to make up for leakage is 
measured by the displacement of water. 

The machine is direct connected to a balanced , swinging field 
electric dynamometer, and can be driven at any speed from 600 to 
2500 K.P.M. The total torque required to rotate the machine at 
any speed can be measured direct from the arm of the dynamometer, 
while the piston friction alone can be determined directly from the 
temperature rise of the water in the cylinder jacket. 
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Owing' to losses by radiation, &c., it is not easy to deterniinp 
accurately the absolute' friction of the piston, |i)ut the reli^tive 
^frictioA as between two pistols, or ^any vairitions in jiston 
design or rings, can be measured with extreiuf* nicety by com- 
pajing the curves of temperature rise of tbe jacket water. 
Figs. 94, 95, and 96 show a numbcir of sdch cuives of tempera- 
tpre and time and also the total friction of the mad line an 
a whole in terms of )b. per square inch on the piston, with 
various types of piston, nup^bers of rings, &c. 



Fig. 95. — Test lleading.s with 3 different Pistons. Speed ^200 R.P.M. in all cases 


In order both to reduce weight and to prevent distortion, it, is 
clearly very desirable to transmit the pressure as directly as possible 
from the crown of the piston to the connecting-rod, and from the 
connectin 2 ;rod to the bearing surfaces. The customary method of 
transmitting the pressure fronf the crown flirough the side walls 
and ring grooves to the two extreme ends of the gudgeon pin has 
nothing to recommend it. It is clearly far better to transmit it 
directly from the crown of the piston to the gudgeon pin at points 
as near the centre as the^ width of the connecting-rod small end 
bearing will permit. 

VOL. II. 
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Fig, 97 shows a design of all-alulniniiim piston, aW represents 
prohably the fittest , possible constructidn. In this design two 
mainoribs transnik the load from ^e crown to the gudgeon pivi, and 
from the gudgeonipin to the bearing surfaces. Also all unnecessary 
bearing surface has been eli^ninated. This type of piston has come 
to be known as the slippeifl type, and has-‘been widely used, par- 
ticularly in very high - speed engines, where its light weight, low 
friction loss," and effective oil -resisting properties have rendered 


t 



Fig. 96. — Test Keaihngs with different Numbers of Piston Kings. 
Sjx'od 1000 K.P.M. in all cases 


it of grfeat advantage. The example shown in fig. 

largest yet made, for this single piston transmits 135 B.H.l . at 

1400 R.P.M. . , . , ,.1, 1- 

Fig. 98 shows an alternative design in which ^^he^ slipper or 

bearing surfaces are ‘of cast iron.' This design has the further 
advantage in that the floating gudgeon pin is located by the sides 
of the cast-iron sleeve and requires no other means of endwise 
location — always rather a troublesom.e problem. 

Fig. 99 shows yet another design, in which the aluminium alloy 
head is connected with the cast-iron cross-head portion by means of 
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the gudgeon pin, or rather by means of the bushes ir wjiiich tlie gudgeon 
pin floats. This design has the advantage that it is clieaper aiuMess 
iragile‘'than that shown in fig. 9«;; also that the aliiniiniuiu liead is 
free to centre itself in the cylinder. IT.e chief objection to it is that 
it necessitates very accurate workmans} ‘ip. v 

Piston Knock. — Owing to -rtie fcitgc clearance which must be 
allowed when all-aluminium pistons are used, it is veiy, diflic iilt to* 



obtain silent running, for at the end of the compression-stroke the 
piston is thrust violently from one side of the cylinder to the other. 
The noischs^TiiOSt apparent wheij an engine is% running slowly on a 
li^ht load ; under such conditions the piston is cool, and therefore 
bhe clearance is at a maximum, also the other mechanical nofses of 
the engine are less apparent. Various devices have been experi- 
mented with in the endeavour to overcome this troublesome noise. 
Some designers have used pistons in which the normal clearance is 
^ery small and the skirts are slit ijt order to allow some elasticity 
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*ancl prevent seizures ; others, again, have even gone so far as to 
infeoduce springs between the connecting-rod and piston, in order 
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illustrated in fig. 100, which shows the position taken up by the pistou 

at various points in the cycle. , 

# • • 



Fig. 100. — Diagram of Forces on Piston with offset Gudgeon Pin, showing effect on clearance 


Fig. 101 shows a method patented by the author and applied td 
a slipper-type piston in which the bearing surface is severed from 
the crown in order to prevent the direct transmission of heat and so 
permit of a smaller clearance being used. This 
arrangement proved very successful in reducing 
the passage of oil past the piston rings because 
of the exceptionally free venting of the oil below 
them, but it did not permit of any appreciable 
reduction in clearance, ,for the sim]51e reason 
that very little heat is transmitted from the 
crown to the bearing surfaces in any case ; in 
other ii was found tha"^ at all event# in 

the case of comparatively small engines, the 

- f Fig. 101. -Split Slipper 

temperature of what may be termed the cross- 

head portion of the piston was in any case very 

little in excess of that of the cylinder walls, so that insulating it 

from the crown had little influence on its temperature, and therefore 

on its expansion. 
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^ None of the methods described above can be said to Have solved 
the^jdifficulty of piston^ knock, or even to have gone very far towards 
solving it, and th\3 author is infdined to ihe opinion that*' wherev 
extreme silence i^ required it is better to employ 'cast iron for the 
bearing surfaces in all (^xcept very small pistons, ih which the clear- 
ance may be so small thatfthere <is little or no knock ip any case, 
dor the noise is dependent upon the absolute, ’^ather than upon 
the proportionate, clearance. Experience has shown that with all- 
aluminilim pistons fitted to a water-cS^led engine of average per- 
* formance it is necessary to allow a clearance on the bearing surfaces of 
approximately 0*00^ in. per inch of diameter. a general state- 
ment, when the total clearance exceeds from 0-005 in. to 0-006 in. 
piston knock becomes audible, that is to say^^ all-aluminium pistons 
up to, 3 in. can be mhde to run silently, depending upon the lubri- 
catiofL'tod a number of other minor controlling factors ; but above 
3 in. diameter it is extremely difficult, if not impossible, to ensure 
silent running. 

Piston Rings.-r Generally speaking, piston rings do not call for 
much comment. With but few exceptions all high-speed internal- 
combustion engines employ ordinary plain concentric cast-iron, rings 
. of the Ramsbottom type. Such rings should always be ground both 
on the face and sides in order to ensure a close fit in the grooves, and 
should preferably be hammered, after being split, in order so to stress 
'the material as to ensure a uniform pressure against the cylinder walls. 
The most important feature to ensure is that there shall be as little 
clearance as possible in the ring grooves, since this determines 
largely the amount of oil they will pump. When aluminium pistons 
are used there is always a tendency for the edges of the “ lands ’ in 
the piston to be dragged over by particles of grit and so to lock the 
rings in their gtooves. This tendency can, however, be prevented 
by chamfering slightly the edges of the grooves. This is a small 
point, but it is one which should not be overlooked, for its neglect 
has probably done more than anything to prejudice unjustly the use 
of aluminium for pistons. 

Width of Ring — All reasoning points to the 'correfeeion that 
piston rings should be made as narrow as possible so long as they 
are not too fragile to machine or handle. For a given radial thick- 
ness, the narrower the ring the less both the friction and the inertia, 
hence the lower the total pressure against and therefore the wear 
on the sides of the ring grooves. 

Radial Thickness. — The i radial thickness determines the 
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springy tension against tly^ cylinder walls. So long as this is above a 
certain figure there is no object in increasing th^ thickness, which 
^ merely involves an increase in friction and wear on the c}/mdcr 
walls. 

• There is som^ evidence to indicate that, when working, the rings 
are pressed out against the cylin^ler by the gas pressuri^. beliind 
them, and that the pressure in the rng groove is sometliing less thap 
the mean pressure of the cycle. This theory is strengthened by the 
observed fa^t that when r#i engine with new rings is motored for 
several hours without g^ pressure in the cylinder the rings (U) my 
bed in, but that*if run under load they bed very rapidly, particnilarly 
the top ring ; thisunay be due to pressure behind tlie rings, or it 
may be due to the fact that when run under load the lubi^cation is 
less effective. Experience indicates that :if a well-made ring a 
spring pressure of from 5 to 6 lb. per square inch is sidli(h':it, and 
that any further pressure results merely in extra frictioi\ witliout any 
compensating advantage. The spring tension required, lio\Vcver, 
depends to some extent upon the amount of clearance between the 
“ lands ” of the piston and the cylinder walls. It is customary and 
proper to make the clearance of the “ lands ” such that they will 
not, under any circumstances, touch the walls of the cylinders. If, 
however, the clearance is too great, a considerable area of the side of 
the ring, may be exposed to the full fluid pressure, and, as a result, 
the ring may be pressed so hard against the lower face of the groove 
that its spring tension will not overcome the friction against the side 
of the groove ; under these conditions the ring will become locked 
and unable to expand against the cylinder walls. 

• There is also very strong evidence to show that the top land 

should always be as deep as possible, in order to provide adequate 
protection for the top piston ring. In the designs of piston 
illustrated previously, the top land is in most instances rather 
too shallow, due to the fact that the available height' from .the , 
gudgeon-pin centre to the piston crown was, in each case, so 
restricted as to render ,the provision of an adequate protecting* 
^and iprpos^ildv^. ‘ ^ 

Cross-head Piston. — i?ll the foregoing remarks refer to 
the open or trunk type of piston, and more particularly to 
that form of open piston which has come to be known as the 
slipper type, a form with which the author has had the most 
experience. , 

In the larger sizes of high-speed engine more particularly, the 
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author prefers to use \^herever possible a somewhat difEerent type 
which is now generally known as the cross-liead piston ^ 

Iih this design die two funct^ns of an* open piston — namely, 
to act as a pistoij proper and as a cross-head guide — have been 
separated to a far greater extent than in the ca^e of the slipper 
type, until it resembles mucfji ^moi;^ nearly ihe usual steam-engine 
form. 

The piston itself consists of an ordinary flat or concave crown 
carrying the piston rings and a plain li^t tubular stein extending 
foom^ the crown of the piston to below the gudgeon pin. The lower 



Fip. 102. — Part Section showinf; 
(Yoss-hcad Piston and (Jnide 

11 



Fig 103. — Section of Piston 


portion of this trunk is surrounded by a steel or cast-iron sleeve, 
which embraces and locates the floating gudgeon pin, and constitutes 
the only wearing surface. This cross-head sleeve runs in a cylindrical 
guide, which is spigoted both into the cylinder and the crank chamber, 
or in some cases into the cylinder only, which is proit>;ige^o accom- 
modate it. A general arrangement of the piston, cylinder, and cross- 
head guide is shown in fig. 102, from which it will be observed that the 
crown of the piston serves only to carry the rings and transmit the 
pressure down the hollow cylindrical .stem to the gudgeon pin. It 
does not bear upon the cylinder walls at all, and therefore requires 
only just sufficient lubricant to maintain the rings in good condition. 
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; will also be'observed that if* this construcvion tliii cylinder walls 
re cut off frony all splash lubrication. 

In apite ofc’fhe fact that this piston is 
)me 30 per ceat heavier than the slippei- 
ypa, the total friction is little more than 80 
er cent that of the slipper piston ajU| only 
bout 60 per cent that of a piston of the 
rdinary trimk type. , 

The constAiction of the rii.ston is shown in 
etail in fig. 103, and the photographs repro- 
uced in figs. 104 and 105. The cro.ss-head 
leeve is an easy push .fit over the lower, portion 
f the stem, and is held in place by four small 
lolta ; it is supported by thjee bearing lands, 
ne at the middle on the gudgeon-pin centre 
me and one at each end. 

In ordinary commercial engines this sleeve 
3 made of cast iron, but in very high-speed 
ngines a light high carbon steel sleeve is used. When employing 
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I'itj. 104. — CVoBS-lu'iul Piston 



Fig. 105. — Cross-head^jPistou dismantled 
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this piston on engirtes having separate cylinder^' tbs guide is 
spigoted both into the cylinder and crafnkcase, ai/d the latter is 
provided with a false top as shpwn in figt 102 aboive. Th»e space 
between the false top and the base of the cylinder as utilized for the 
circulation of air round the cross-head guide, \)diich is ribbed^ for 
cooling. The air enters at (^n^ side and pa^es out to the carburettor 
, on the other side. A portion of the air is drawn directly round the 
cross-head guide, and the j-emaining portion passes between the guide 
and the cylindsr through sloTs provided for 
this purpose. 6ii the upwatd stroke of the 
piston the air is drawn through these slots 
at a high velocity, and impinges against the 
crown and stem of the piston, thus effectu- 
ally cooling thc^n. On the downward stroke 
this heated air is discharged again into the 
chamber surrounding the guides, and thence 
into the carburettor. By this means the 
piston and cross-head guide are kept cool 
and the carburettor air is warmed. ‘ 

It is found in practice that the heat 
abstracted from the piston and cross- head 
guide is just sufficient for good distribution 
with petrol of high boiling- poin,t and low 
^ Fig. loc.—Cyiimior Lubrication volatility, Tests carried out on several of 

with Cross-hoad Piston . i m /• *11 

the engines bnilt tor tanks with thermo- 
meters fitted in the induction piping above and below the carbur- 
ettor have shown that when running on full load with an atmospheric 
temperature of 60*^ F. the air, after passing round the cross-head 
guides and pistons, entered the carburettor at a temperature of 130"^ F. 

On a light load, with consequent reduced air circulation, the 
temperature of the air entering the carburettor rose to 150"^ F., and 
the temperature near the top of the induction pipe to 100° F., which 
is sufficiently high to check condensation at reduced loads. The free 
circulation of air through the upper portion Qf the crankcase tends 
to keep the lower portion cool, so that no oil cooiiltg4su;equired. 

The system of cylinder lubricatidYi is shown in fig. 106. The lower 
^ portion of the stem of the piston is provided with a few small holes, 
and the cross-head sleeve which surrounds it is also provided with a 
ring of small holes so placed that these holes are uncovered above 
the guide at the top of each stroke. Oji the upward stroke of the 
piston, air is drawn through slot^ provided in the flange of the cross- 
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head guidt^ beWen the .guide dud the cylinder, and passes at a high 
velocity aronn^ the cross-head sleeve; in doing' so, it draws a small 
j)ropopfion of ^i\and oil* mist fronjjthe hojes in the cross-head sleeve, 
which are in coiWunication with the crank chamber tlirough cor- 
responding holes Vrilled in the piston ^tem.^ The oil issuing from 
these holes in the form of a mist pi«ktd up by tlie rusli of air ind 
sprayed over the cylinder walls while the piston is near the top of, 
its stroke ; the total qiKintity of oil dra^vn out in tliis manner is 
minute, but it is sufficien^ffir the maintenance of the piston rings. 
The whole operation is similar to, that of a spray carburettor' in, 
which the slots in the cross-head guide correspond to the choke tu))e, 
and the holes in the isleeve to the jets* The coi^trol of the qv.antity 
of oil delivered in this manner is governed by the area of tlie slots 
and*the size or number of holes provided in the Sleeve. 

It will be seen that, by this means, the lubrication of flie c^dindcr 
walls is continuous, that oil is only supplied to the cylinder walls in 
the quantity required by the piston rings, and that oil which* has 
clung to the walls and become partially carboiyzed does not ftnd its 
way back into the crankcase. The provision in this manner of an 
entirely separate system of lubrication to the cylinder allows of the 
use of unstinted lubrication to all the other working part’s without 
the risk of carbonization of the piston or any tendency to smoke ; 
also, the oil consumption is exceedingly low. 

When working with kerosene or high boiling petrols, this type of 
piston is particularly suitable, for one of the chief troubles ^Yith such 
fuels is that they tend to precipitate upon the relatively cool walls 
of the cylinder barrel and so to pass down into the crankcase, thus 
contaminating the lubricating oil, and cause trouble with the 
bearings. With the cross-head type piston, however, any fue^ which 
may succeed in passing the piston is trapped* in Ae chamber sur- 
rounding the cross-head guides, from which it may be drained off 
before it can do any harm. The quS,ntity of kerosene which, dn 
practice, is drained away from this chamber is often surprisingly 
great, particularly ^en working on variable loads, often amounting 
to as much atrium 4 to 8 per cent of the to^al fuel consumption of 
the engine, or from three to six limes the oil consumption. 

The advantages of this type of piston may be summarised a^ 
follows : — , 

(1) The lubrication is under complete control, and is independent 
of the crankcase lubrication; consequently the oil consumption, 
the tendency to carbonize both th<i piston and combustion chamber, 
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and the risk of oiling up the sparkihg plugs are all iedifced to the 

minimum. . ‘ ^ 

( 

(S) The piston "friction, is reduced to little moF^ than half that 
which obtains with an ordinary trunk piston. 

(3) Owing to the fa^^t th^t the cross-head and ^ide are relatively 
cool, and that both are ifiaintained at approximately the same 
.temperature, a very fine running clearance can safely be used, thus 
ensuring silent running. , 

(4) Since the piston itself does not be^ar upon the cylinder walls, 

■ an ample working clearance can be allowed without any risk of noise. 

(5) The wear'^on the cylinder walls is reduced to a minimum, 
since only the piston rings bear against them and there is no side 
thrust. 

(6) JThe gudgeon-pin being short, stiff and free to rotate, and also 
being^placed in such a position that it receives very httle heat from 
the piston, does not wear perceptibly. 

(7) The bulk of tlje heat from the crown of the piston and from 
the cifoss-head guide, is utilized to warm the air for the carburettor, 
and is not transferred to the crankcase. 

(8) All the working parts can be lubricated without stint and 
without any risk of excess of oil reaching the cylinder walls ; also, 
the oil remains clean. 

(9) In the event of any fuel condensing on the wads of the 
cylinder, its subsequent passage into the crankcase can be prevented 
absolutely. 

(10) The restricted lubrication to the cylinder walls greatly 

reduces any tendency of the piston rings to become carbonized or 
gummed up. ^ ' 

(11) There is no tendency for the engine to become “ gummed 
up ” when cold.'' 

The principal objections to the use of this type of piston are : — 

(1) ''Tnat it increases the* height of an engine as compared with 
the use of an open-type piston, by an amount equal to about two- 
thirds of the piston’s stroke. 

(2) That it necessitates an engine designed "sp^^nfically for its 
use, and unless separate cylinders sire used it introduces difficulties 
in the ,way of alignment between the cross-head guides and the 
cylinder bofe. These difficulties are not, however, insuperable, as 
is illustrated by the engine shown in fig. 107, which shows the applica- 
tion of cross-head pistons in the case of tbe engines manufactured by 
Messrs. Peter Brotherhood, Ltd., for tractors and marine work, in 
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and the risk of oiling up the sparkihg plugs are all iedifced to the 
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tion of cross-head pistons in the case of tbe engines manufactured by 
Messrs. Peter Brotherhood, Ltd., for tractors and marine work, in 




238 


THE INTERNAL.COMBUSTION ENGINE 


which the four cylinders and the u|)per half of thefcrahkcase are 
cast in one piece. / 

[’?) That it increases s^lightly ( both the cost Sivd weight of ai^ 
engine. 

These objections arp, in, the author’s opinion, easily outweighed 
by the advantages to be gaiped, n?ore especially in the c^se of large 
, engines, such as that shown in fig. 108, or in the case of engines using 
kerosene or petrol with a high final boiling point. In any case their 
use makes for a higher mechanical efficiency, silent . running, and 
♦^educed cylinder wear and oil consumption. 



CHAPtER* X 

ENGINES Vo*R ROAD VEHICLES 

Before dealing with specific examples of motol'-veliicle i 
it will be well to review briefly the diij^ies which'^these engines have 
to perform and to note along what lines further development is likely 
to exitend. 

Some twenty-five years ago the designers and mai«fff?Tctm(?rs jf 
motor-vehicle engines had need to concentrate the whole of tlieir 
.attention upon the one crucial question of producing engines which 
would run for a reasonable period, under wholly novel (‘onditions, 
without^serious breakdown. This great problem overshadowed all 
others^ and the rapidity with which it was tackled and ovenaime is 
one of the great triumphs of modern mechanical engineering. ' Within 
a space of less than ten years the motor- vehicle engine emerged from 
the stage yf a fickle and wayward, but very fascinating, toy into a 
thoroughly relialole machine. Once its reliability had been cstab- ' 
lished, and its charm largely exchanged for utility, the subsequent 
developments were mainly in the direction of refinement and in- 
creased power. 

I'll order to provide a more uniform turning movement, and to 
reduce vibration, and therefore noise, the number of cylinders was 
increased from one to four and even to six. - 

The next developments were in the direction of securing greater 
silence in operation ; these took the form of improvements^ m th.e 
valve gear and the elimination as far as possible not only of vibra- 
tion of the engine, as a ^hole, but also of the vibration of the 
individual members of the engine. 

At the same time the available speed range has steadily increased. 
Since o\ving to the inherent irregularity of torque in any type of 
four-cycle engine the speed range cannot usefully be reduced below 
a certain minimum, progress has taken the form of extending the 
upper end of the speed range. Developments in this direction have 
been much stimulated by the method of basing the taxation, of 

, 239 
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pleasure vehicles at least, upon the diameter of cylir^er used. This 
' basis of taxation has served well, but would now be more useful if 
it yere based on the total^ cylindfjr capacity. j 

With the extended use of motor -vehicles lor purely utility 
purposes, and v(ith the increasing cost of fue^, the most needed 
developments at the present time are in the.direction of fuel economy, 
a direction in which there is still ample scope for improvement. 

The motor- vehicle engine of to-day is called upon : — 

(1) To be silent under all conditions of operation. ' 
o(2) To be self-contained and as autornatic as possible. 

(3) To have as wide a range of speed as possible. 

(4) To accelerate rapidly from any speed ; in other words, it 
must instantly develop its maximum torque when called upon to 
do so, irrespective of engine speed. 

(5) * lo ./.I'bitain a high torque at low speeds, and to do so without 
detonation or pinking.” 

(6) To be reasonably economical in fuel at all loads, and more 
particularly at its average load factor of from 25 per cent to 40 per 
cent maximum torque. 

The performance of any motor-vehicle engine must be considered 
in reference to the vehicle to which it is fitted. We will therefore 
examine briefly one specific instance, namely : — 

A light pleasure car weighing, fully loaded, including passengers 
- and equipment, 3500 lb., and fitted with a wind-screen and hood. 
We will assume that the transmission gear is of an efficient type, 
that the unsprung weight is low, the weight well distributed, and 
that the chassis generally is as well designed throughout as the 
present state of the art will permit. 

Unfortunately, very little accurate data is available as to the 
exact power required to propel a motor-vehicle at different speeds 
over average roads. Professor Riedler in Germany, and Chase and 
James in America, have made and analysed a number of dynamo- 
meter tests with the rear wheels of the car resting on rollers, but 
these do not always reproduce the conditions exactly. For in- 
formation on this point we are compelled to tall back to a large 
extent upon tests carried out with accelerometers and upon accumu- 
' lated experience based upon the known performance of the same 
engine, both on the test-bed and on the road — the latter method, 
though very unscientific and largely empirical, is probably the most 
accurate at the present time. The curve in fig. 109 gives to the 
nearest approximation the brako-horse-power required at the engine 
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flywheel tcf pr(j|)el a 3500 lb. 4‘-seater car at speeds up to 80 miles per 
hour. It biclhdes rolling-resistance, windage, 'era nsmission losses 
(on direct driv^'y, and all other incidental losses such as wheel j?lip, 
Hysteresis losses in the tyres, &c. Though purely empirical it is prob- 
ably reasonably correct. For such a car the miuinhim size of engine 
of normal side- valve type which will, g^ive reasonable acceleration 
and hill-climbing capacity will be one of two-litre cylinder capacity, , 
while for real comfort a three-litre engine will be preferable. 

We will consider both cases and assume that the engines* are of 



Fig. 109, — Power required at l*]Bgino Flywheel to propel Oar of 3500 lb. grosa Wc’.^ht 
on the I^evel at varying S|>eed.s over average Road Sui/accs 

the normal side-by-side valve type fitted with as efficient a form of 
combustion chamber as this type will permit of. Further, we will 
assume that the engines are designed with a view to low cost of 
production and ease of upkeep, that they have a reasonably low 
compression ratio, viz. 4-6:1, to render them capable of using 
inferior fuel without detonation, and generally that they are of a 
thoroughly orthodox type, but as efficient as possible without 
resorting to the use of overhead, valves or to any features involving 
either increased cost of production, or labour in upkeep. 

Figs. 110, 111, and 112 show thp brake horse-power and general 
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Fig. IK). — Brake Horse power and J3rakc Mean Pressure 
of normal I'wo- an(f 'J'hreo-litro Kngines 
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Fig. 1,11 . — Indicated Horse pow'cr, indicated Mean 
Pressure, and Mechanical Efficiency 


performAnae curves 
* which should be obtain- 
able frorfi^ such icngines 
of two- and three-litr5 
cylinder capacity. # 
Next we will assume 
that, in both’ cases, the 
.top gear ratio is such 
that the maximum speed 
on the level is obtained 
when tjie engine is run- 
ning at a speed slightly 
in excess of that at 
w^hich maximum ppwer 
is developed —this is al- 
ways desirable, both on 
the grounds of accelera- ^ 
tion, and in order to 
reduce the hysteresis 
losses due to irregularity 
in the turning moment. 
We will assume that 
three speeds ^are used 
and that the ratios in 
the gear box are such 
that the second speed 
is 70 per cent and the 
third 33 per ceiit^ of 
tjie top or 'direct drive. 
From a comparison of 
the power curves of the 
two engines and the 
power required on the 
level, as shown in fig. 109, 
we ^d that the most 
suitable gear ratios for 
the direct drive are those 
which give a car speed 
of 20 miles per hour at 


1100 R.P.M. in the case of the two-litre, and at 880 R.P.M. in 
the case of the three-litre engine. l\ now we plot the power 
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curve of the two engines "Against fig. 109 in the a))ove ratio, as sliown 
in fig. 113, ‘we $nd that the two-litre engine will give a inaxinMim 
i^eed on the level of 54*5 
miles per hour .;ind tlie 
three-litre of GO miles per 
hour. The margin of 
power at any speed over 
and above that required 
to propel the car on the 
level may be termed^ the 
excess power available 
for hill-climbing or acceler- 
ation. 

Figs. 114 and 115 show 
the excess - power (uirves 
for the two engines on 

•the three gears, assuming an efficiency as compared witl; top 
gear of J)5 and 97 per cent respectively for the first and second 
speeds. Strictly speaking, the relative gear losses will be less in 
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Fig. 112. — Fuel (onsiiinption at '"iirruie rinis 
per Indicated and per Brake HorHex{)()\scr Hour 



Fig. 113. — Excess-power Curves for Two- and Three litre Engines on 1 op («e^r 


the case of the larger engine, but the difference is small and hardly 
worth taking into consideration. Figs. 114 and 115 show also the 
gradient in terms of per cent which the car will climb on each 
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gear and the spfeed at which it will climb it without gain or loss 
in q)eed. ^ ^ y 

from the curves showh in these two figures it will be seen thajj 



SPEED M P H 

Fig. 114. — HiU-climbing Capacity^ Two.litre Engine 


the maximum gradient which the three-litre engine wijl climb 
without gain or loss of speed on its third or top gear is one of 8 per 
cent, omits second speed the maximum gradient is about 12*5 per 
cent, and on its bottom speed about 31 per cent. It will be noted 



that on a gradient of 6-2 per cent the maximum speed will be the 
same on either top or second speed, namely. 45 miles per hour. 

In the 'case of the two-litre engine, the maximum gradient which 
the car will climb at a uniform spee'd on top gear is one of 6 per cent, 
on second speed 10 per cent, and on bottom speed about 25-5 per 
cent. For maximum speed in*^ this case, gear should be changed 
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from top to second when the gradient exceeds 4-7 per cent, or when 
the speed has dropped to 38 miies per hour. 

Fig^ 116 gives the late of accderation of tlie car with two^-fitre 
Engine, from any speed, and on the three gears, assumiiig that tlie 
caiburation and distribution are such that the engine will respond 
instantly and exert its maximum , torque immediately the throttle is 
opened— a condition, however, which is seldom reached in practice^ 
The foregoing curves show the general nerformancc of the car as 
regards ultimate speed, acceleration, and hill-climbing capacaiy. 

We have next to consider the Question of fuel consumption am’ 
the factors which control it. For this purpose we will assume that 
the car will be runnmg always on its top gear, and we will examine 



Mats PtR HOUR. 

Fig. 116. — Acceleration on various Gears, Two-litro Engine 


the speed range between 10 and 40 miles per hour, which covers the 
range of average speed such a car will maintain. For simplicity we 
will assume also that the car is running on a level road, though, in 
so far as fuel consumption is concerned, it makes comparatively 
little difference whether the road is level or undulating provided the 
gradients are well within the limits which the car can negotiate on ^ 
top gear and that the average speed is not toowlow. Although, when 
coasting, one does not recover Vhat is lost in climbing, yet this is 
very nearly compensated for by the more favourable load factor 
when pulling uphill. 

Figs. 117 and 118 show the load factor in the case of the three- 
and two-litre engines at spe^gds ranging from 10 to 40 miles per hour, 
and the fuel consumption in term^ of pints per B.H.P. hour at the 
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corresponding lo^ad factors and speeds. These figures are deduced 
from the mean of a large number of test results upon^several engines 



Fig. 117. — Load Factor and Fuel Consumption in Pints por B.H.P. Hour wbon runnTng on 1 
Level at average Speeds of from lO to 40 Miles per Hour. 'J'hrec-litre I'aigino 



Fig. 118. — Load Factor and Fuel Consumption in Pints per B.ILP. Hour when running on the 
* Itcvel at average Speeds of from 10 to 40 Miles per Hour. Two litre Engine 

of the size and class under consideration with carefully adjusted 
carburettor and ignition settings and a rjasonably good distribution 
system. In fig. 119 is shown the Juel consumption in terms of miles 
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per gallon for the two engines at average car speeds liinging from 
10 to 40 miles per hour. * ^ 

With normal carburation the consmuption per mile is iJ)out 
7 per cent greater with tlie larger engine at an average speed of 
20 M.r.H., but th^ discrepancy becomes less as the average s))ecd 
increases. With perfect carburation hnd distribution, &c., the dis 
erepancy will become less, and at the higher mean .speeds the larger- 
engine will sjiow, with tiie gear ratios se'ccted, an actually greater 
fuel economy than the smaller one. Tn either case the larger engine 
will, in fact, make a better showing if the road is hilly or uniluhuing, 
for it will then be able to negotiate gradients on top s])eeil which, 
in the case of the smaller engine, migh.t necessitate a change pf gear. 

There is another factor which also exerts a still more powerful 


1 


UJ 

X 


Fig. 110.— Fuel Consumption in Miles per Oallon at average Speeds varying fiom 
10 to 40 Miles per Hour 

influence upon fuel economy than carburation and distribution, and 
indeed upon the whole performance of the car, namely, the mechanical 
efficiency of the engine. This becomes the more important because 
of the very low load factor at which the engine operates. In the 
example shown, a fairly high mechanical efficiency has been assumed 
such as would be obtainable with light reciprocating parts and caffi- 
ful mechanical design. The average motor-car engine with cast-iron 
pistons and often excessive and ill-disposed bearing surfaces will not 
show by any means so high a mechanical efficiency. 

It is perhaps worth while to consider the case when the oar is 
travelling on the level at a mean speed of, say, 25 miles per hour* 
and observe the influence of the mechanical efficiency of the engine 
upon fuel consumption. This speed calls for an expenditure of 
8 B.H.P. at the flywheel of.the engine and corresponds to an engine 
speed of 1100 R.P.M. in the case of the three-litre and 1375 R.P.M. 
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in the case of tte two-litre engine : at these speeds the mechanical 
efficiency of the two engines has Keen taken as 90; 5 per cent and 
88- per cent resj)ectively on full torque, ‘but since the internal 
friction of the engine is independent of tlie torque, at 8 B.H.P. the 
mechanical efficiency wdll have fallen to 73-5 per q^nt and 73 per dent 
respectively. If now the lyerhanical losses were doubled owing to 
-poor mechanical design, all other conditions remaining the same, the 
mechanicarefficien(‘.y whew driving the j;ar On the level at an average 
of 8 B'.H.P. will become only 58-2 and 58*6 per cenX respectively, 
and'the fuel consumption per B.H.P. hour will have increased from 
0-81 and 0*745 to 1*02 and 0*93 pints per H.P. hour at the same 
load factor, but in fairness wo must allow for the fact that, owing to 
the poorer performance as a*wliole, the load factor will be somewhat 
higher. If we talce this into account we find that the consumption 
at a mean ^^d of 25 M.P.H. will be approximately 0*97 and 0*89 , 
pint per B.H.P. hour, corresponding to a fuel consumption in terms 
of miles per gallon 0 +’ 25*8 and 28*1 as against 31 and 33*6 for the- 
three- and two-litre engines respectively. From these figure's it will . 
be seen that the gain in fuel economy to be obtained by a limited and 
perfectly possible improvement in mechanical efficiency is a vei^ sub- 
stantial one. Further, a gain in mechanical efficiency will influence 
not only the fuel economy but also the speed and hill-climbing 
capacity of the car throughout its whole working range. From such 
•considerations we are justified in assuming that of the available 
scope for improvement the most important is that of reducing as 
far as possible the internal friction losses of the engine, and next in 
importance are improvements in carburation and distribution. 

Unlike engines for other purposes, we may regard the pleastire- 
car engine as one which will never be called upon to develop high 
power, e^^cept for very short periods, and we have shown that the 
average load factor under normal running conditions is about 30 to 
40 per cent in the case of ‘the engines ijnder consideration. Ex- 
pressed in other terms, the average power required at the engine 
flywheel to propel a touring motor-car under normal conditions at 
an average speed of 25-30 miles per hour is approximately 7 H.P. per 
ton (unladen), while with even the most reckless driving it is almost 
‘impossible on any English main road to average 15 H.P. per ton, 
altogether irrespective of the maximum power of the engine. 

In this connection it is interesring to note that from careful 
observations of fuel consumption made during the practice runs for 
the Isle of Man Tourist Troph}!^ Race in 1922, the -average horse- 
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power developed by the Vauxhall racing cars dining tlieir fastest 
laps, wlien they averaged considerably over (50 miles per hour roiin3 
g, perfectly clear and very hilly course, was certainlv less thi^ft 50 
even assuming that they were using the most economical 
carburettor setting. In view of the fact tliat these engines were 
capable of developing well over t20 B.Vi.P., and that the cars were 
naturally driven at the highest possible speed consistent with barely- 
reasonable safety, it appears rather surprising that so small a pro- 
portion of thA available power could be utilized. It shows that even 
when roads are cleared of all traffic and when the driver is relieved 
of all responsibility so far as other road-users are concerned, when 
he is both highly skilled and prepared to incur considerable personal 
risk, he is still restricted, by road conditions, to utilizing more than 
abofit 40 tl.P. per ton. 

Most cars at tlie present day show an unduly high fuel con- 
sumption, and this is to be accounted for by 

(1) The mechanical efficiency of the engine being usually very 
low ; ux the one application above all others where it should be as 
high as possible. 

(^) The form of the combustion chamber being generally in- 
efficient, due to lack of turbulence. 

(3) Defective carburation and distribution, more particularly the 
latter. 

Recent development has been confined almost solely to tht? 
addition of various refinements, to the elimination of noise and 
general smoothness of operation ; such lines of development are, of 
course, very proper, but there is a tendency for the economic fact, 
that the efficiency of a vehicle as a whole lies in the number of 
ton-miles it will run pt:r gallon, to be overlooked. In too ma^'y cases 
fuel efficiency appears to have been forgotten entirely in the search 
for silence, in the better-class cars, and for low cost of production 
in the cheaper varieties. The author uses the word forgotten 
advisedly as against forgone, for, as it has been shown in previous 
chapters, fuel economy is largely a question of design and can usually 
be attained wdthout adding to the cost and without the loss of other 
desirable features. The history of engine development has been 
much the same in all classes of mechanical engineerin^first h 
struggle to attain mechanical reliability, during which stage tlie 
engine is a fascinating toy ; this is generally followed by a period of 
intense rivalrv in detail cefinement to the neglect of other con- 
siderations ; ffinall^ the inexorable laws of economy insist that , 
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attention shall bo* concentrated on what is rejilly the fin^l test, namely, 
tlie amount of work an engine will dC on a given (jiuantity of fuel 
and' a given weight and cost of material. In the case of the motof 
vehicle we are probably passing from the second to the third stage 
of development and ai'e beginning to realize th^ absurdity of; for 
example, loading the engin^- 4t aJl times With a heavy burden of 
•frictional losses often merely for the sake of getting it to run a little 
slower and a little quietei» when idlingf As in the case of all new 
developments which fall into the hands of a lay public, ‘^fashion plays 



Fig. 120. — 14-1 r.l\ Vauxhall Engine 

a predominant part, and fashion to-day calls for refinement in detail to 
th^ neglect of all other considerations. Ultimately utility will call for 
economy in operation, and the attention of designers will be concen- 
trated upon reducing mechanical losses and improving distribution. 

The 14-H.P. Vawxhall Engine. — The 14-H.P. Vauxhall 
engine illustrated' in figs. 120, 121, 122, and 123 has been designed 
by Mr. C. E. King, Chief Engineer of the Vauxhall Company, to 
whose kinditess the author is indebted for leave to publish the 
following particulars : — 

It may be regarded as a typical example of a modern pleasure- 
. car engine of the best type, designed to meet as far ats possible the 
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dictates o\ fa'shion, and at thfe same time to slioiv a performance 
both as regards power and fuel economy considerably above the 
usual average of engines of its class. It. has font cylinders each of 
?5-mm. bore by 130-mm. stroke, giving a total ('ylinder capacity of 
approximately 2-3 litres, and is designed to drive a five-seated open 
touring c^y* weighing complete wii^i passengers and usual equipment 
^bout 3200 lb. It develops a maximun/of 43-5 BJI.R. at a speed oL 
2600-2700 ll.P.M. 

Particulaiicare has been taken to reduce, as far as possible, the 
internal frictioh losses, aAd also to, obtain an efficient form of ‘oir- 



Fig. 121. — 14-H.I\ Vauxhall Engine 


oustion chamber, with the result that the power output and efficiency 
are both very considerably greater than that of the average side- 
valve engine, particularly so at reductfd loads. The details of the 
design are shown in figs. 122 and 123, from which it will be seen that 
the four cylinders are cast in one block separate from the crankcase 
and with a common detachable aluminium cylinder head, the com- 
bustion chamber of which is as ^hown in fig. 122. . 

The crankshaft is carried in three white-metal lined bearings 
and is drilled for forced lubrication to all main and crankpin bear- 
ings. The pistons are of aluminium of the slipper type, but having 
a complete ring formed at^the base of the slippers. The gudgeon 
pins float freely, both in the conAecting-rods and pistons, and are 
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located endwise *by means of circlipb and washers. ^ The total re- 
ciprocating weight of each line is l*^5glb., while the ^rotating weight 
of tiie connecting-rod big ^nd is also 1*75 lb.* The inlet val^res have 
a poVb diameter of 1*4 inches with a lift of 0*35 inch, and the 
exhaust valves a rport/liarneter of 1*31 inches with the same lift. 
All valves are operated by means of push rods having curved slippers. 



Fig. 122. — Arrangement of Crosa-soction, 14-H.P. Vauxhall Engine 









The general performance of this engine, with a comj)ression ratio 
of 5*1 : 1 and with wide-opem throttle over a speed range from 750 
to 2750 R.P.M., is shown^in fig, 124, from which it will be seen that 
a brake mean pressure of 108 lb. per square inch is’ obtained at a 


123. — Arrangement of Longitudinal Section of 14-H.P. Vauxhall En^ne, 
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Fig, 124. — 14-H.P. Vauxhall Knginc. (Jas Velocity, Brake Horsc-jiower, Brake 
Moan ProsHure, and Fuel Consuiniition ('urves 
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Fig. 125. — 14-H.P. Vauxhall Engine. Fuel (Consumption various per cent of full Load 
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speed of 1750"R.P.M. correspo aiding to a gafe velocity through the 
inlet valves of about 120 ft. pgr second, the gas velocity through the 
inductkui pipe ht this ^peed beirg about 175 fk per second ; /his 
relatively liigh velocity is maintained in the induction pipe in drder 
to keep the liquid particles of fuel in suspension eveji at rediu'ed loads. 

Fig. 12^5 shows the fuel consumptii)n at a speed of 1(100 K.P.M. 
when the power is controlled by throttling, from wliich it will be 
seen that even at 50 per cent full-load torque the ( on^uin])tion is 
less than 0‘7*j3int per B.H.K hour. 



, « PPM 

f’ig. 12G. — 14 H.P. Vauxhall Engine. Indicated Moan PrcHsure and Mechanical Pflicicncy 

No data is available as to the mechanical efficiency of this engine, 
but it can be estimated fairly accurately from the general design 
and checked back from the measured fuel consumption at reduced 
loads. From such deductions it would appear that the mechanical 
efficiency and indicated M.K.P. are as shown in fig. 120, from which 
it will be seen that the indicated mean pressure reaches a maximum 
when the gas velocity through the inlet valves is about 150 ft. per 
second. The indicated fuel consumption would probably reach its 
minimum at or about this speed, but, unfortunately, it is clear from 
the throttle curve that the carliurettor was set to give an over -rich 

mixture at full throttle, so"* that there is no real evidence available. 

» 
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The engine dpves the car through a three-speed g^ar-box giving 
ratios which correspond with road spejgds oT 6-25, 12*5, and 21 miles 
per^hour at 1000 R.P.M. Its maximum speed on the level is a little 
short of 60 corresponding to an engine speed, without wheel 

slip, of 2850 R.PM., and its consumption averages 30 miles per 
gallon at an average speed of 25 M.P.H. and 29 miles per gallon 
at 30 M.P.H. 

SleevCrValve Engines. — For motor-car engines where the 
need for silence is great and at the same time whe're, owing to 
the ]ow average power factor, the heat flow is small, the use of 
sleeve valves in place of the ordinary poppet valves appears very 
attractive. Such valves have the following advantages : — 

(1) Their action is, or should be, noiseless. 

(2) Their employment permits of the use of th.e best possible 
form of combustion chamber with the sparking plug centrally 
situated, helice the indicated efficiency should be high and the 
tendency to detonate at a minimum. 

(3) They require less attention than poppet valves and cannot 
readily be thrown out of tune by misuse. 

The objections are : 

(1) That the heat flow to the cooling water is necessarily some- 
what restricted, though this is not of much moment in the case of 
motor-car engines, more especially when a single sleeve is used. 

(2) Unless the sleeve be given an abnormally long stroke the 
effective port area is necessarily restricted. 

(3) The sleeve or sleeves, having a large rubbing surface, neces- 
sarily entail a higher friction loss, more particularly when a long 
stroke is used. 

(4) It is possible only to operate the sleeye from one side unless 
the whole of the opei^ating mechanism be duplicated, which involves 
excessive mechanical complication and introduces grave difficulties 
in, the way of mechanical synchronization. 

In a four-cycle engine the sequence of operation is such as cannot 
be fulfilled by a plain reciprocating sleeve, hence it is necessary either 
to employ two concentric reciprocating sleeves, as in the Daimler 
Knight engine, or a single sleeve with a combined reciprocating and 
rotary motion, as in the Burt engine. A plain rotating sleeve is 
unsatisfactory, since a reciprocating motion of some sort is essential 
to prevent scoring of the sleeve and cylinder wall. It is essential 
also that the whole of the inner surface of the sleeve shall, at every 
cycle, be scraped either by the piston or the fixed cylinder head, 
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in order to prevent the formatioii of shoulders due to wear or carbon 
deposits, which would prove frtal to their operation. 

The fisc of two concentric, and reciprocating sleeves has /he 
acJvantage that their mechanical operation is somewhat simpler, l>ut 
it is very difficult to see what further advantage chey can possess. 
The chief fault of tfie skeve-valve.engine. namely, the difficulty of 
disposing of the heat from the piston, is greatly accentuated when • 



two sleeves are used, as also the friction loss, which is no small item 
and a particularly objectionable one where the load factor is light, 
as in a motor-car engine. • 

In fig. 127 is shown diagrammatically the operation of a double- 
sleeve engine, from which it wall be seen that the sleeves are a(?tuated * 
from a half-speed crankshaft connected by short rods to points at 
the side of each sleeve. 

Figs. 128-131 show various alternative methods adopted by Burt 
for operating a •single-sleeve valve.* The method shown in fig. 128 

VoL. II. , ' • 48 
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is that used in the Picard Pictet cars and is, in the author's opinion, 
attractive from a mechanical poiAtrof view, but it is necessarily 
somewhat costly! In this arrangement two half -speed crank- 
shafts are employed and the sleeve is operated from the centre ^of 



a coupling-rod connecting these sliafts. It will be seen that one 
*end ot the coupling -rod is connected directly to one crankpin 
and the ot^her to a second crankpin, but through the medium of a 
sliding block with a small amount' of end play. The sliding block 
allows for any slight errors in synchronism as between the two 
half-speed shafts. 
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Fig. 129 shows a siniUar method of operation in wliich only one 
half-speed shaft is used. This- is said to work well in practice, i)ut is 
clearly iifferior mechanically to that sliown in fig. 1 28. 0 

Another very attractive form is that shown in fig. 130, in 
which a ball-and-socket joint is used. This form has the 
advantage of being considerably, Itghier and more compju't ; 



also it is probably the least expensive and* the most accessible. 
Fig. 131 shows an earlier fofm used in the Argyll cars, in 
wliich a reciprocating plunger is used in place of the ball • 
socket. As in the forms 128, 129, and 131, this necessitates 
the use of a pin in the sleeve, and therefore both increases 
the radius of operation • and the effective weight of the 
sleeve. • * 
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The author* is greatly indebted to Mr. Burt fpr the following 
information and particulars as to the ^termination of port areas, &c., 
wh'^n a single sleeve is employed!’ 

Calculation ^of Ports.~The special shape of port is adopted to 
give a maximum area of opening with the minimum of sleeve travel, 
.c Fig. 132 shows typical ports a being the ideal shape, b the same port 



with corners rounded off to avoid interference when sleeve- valve 
port is passings down between t\^o cylinder ports. The straight 
flank port c is usually adopted, as it is a better manufacturing pro- 
position, although slightly smaller in area than t}^e 6, for a given 
valve-shaft stroke. 

It is necessary to fix the following particulars before calculating 
single-sleeve valve ports : — 
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A = Arrangement and numbei of ports. 

D = Outside diameter of sleeve vake in inches. 

C-Mstance from axis of sleev^e valve to axis of pivot-piy or 
])all-and-socket coupling in inches. 

T ^ Throw of sleeve crank in inches. 

V = Engine timing. 



The greater the number of •ports the smaller the sleeve - valve 
crankthrow for a given area of valve opening, thereby reducing th^ 
over-all dimensions of valve-driving mechanism and height of engine, 
but complicating the coring of water-passages in the cylinder cast- 
ings and increasing the po^t cutting time. The fewer the number 
of ports for a4^8imilar area the greater the valve crankthrow and 
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over-all dimensions, but the coring is sinyslified with an attendant 

reduction of port cutting time. t 

vThe maximuni inlet opening breas obtainable with various port 





settings are given in fig. 133, while fig. 134 illustrates in proportion 
several settings. It will be noticed that a “ double purpose ” port- ■- 
that is, one which acts alternately as inlet and exhaust is included in 



‘ * Fig. 133. — Maximum Inlet Valve Opening. Various Port Settings 

each setting’. This is advisable where maximum openings are desired ; 
two single ports with a wall between worjld obviously use up more of 
the sleeve- valve circumference than a single “ double purpose port. 
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The sfeeve valve ia usually rentrifugally cast (*f good quality 
grey iron, and for engines uf^.to 2j-in. diameter oore is made -1 in. 
thick, vviiile for engines of 4j-in. diameter bore • 125 in. thick is o^uite 
sfltisfactory. D can readily be obtained by adding twice the sleeve- 
valve wall tRickness to the cylinder bore diameter, while C, which 
should be kept as* small as possible?, is generally -5751) when the 
ball-and-socket type of drive is used. 

The throw of sleeve crank T is obtained from tiie number of 
ports in the v.cylinder, as given by the setting adopted, and the 
dimensions 1) and C. 

rn ttDV *5750 l-sD 

D(2 No. of ports) - 1 (2 No. of ])orts) -1’ . 

GZD (ZJ GZaCXDOD! 


3 INLtT X 3 EXH 



Fig. 134. — Various Port Settings 


This gives the maximum throw possilile with tliis type of actua- 
tion and may be reduced within limits according to the tvqie of 
engine under consideration. Maximum throws for various oettings 
and engine bore diameters are given graphically in fig. 135. 

The valve timing V has now to be settled, and in common with 
poppet valves it varies ac(‘ording to the type of engine. 

The actual calculation of ports will be best understood by taking ^ 
an example. Assume a high-speed engine of G8-mm. bore, the 
desired maximum opening area of the inlet *ports being 1*0 sq. in. 
approximately, so that we liave 

A - 2 inlet < 2 exhaust, for it will be seen from tig. 133 that this 
setting gives the required area. 

D = 68 mm. + -2 in. - sav 2- 9-in. diameter. 

C =*575 X ^9 == 1*66 in., say 1*66 in. 
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rn T8x2*9 n A ' n ‘ ' 

a = Angular travel of sleeve valve (see fig. 132). 

sin \a = ^ when T is central = — = *42424 or 25° 6 ' ; 
G ^ i*65 


^25^ fi/x2 = 50° 12:. 


When T is offset sin a - 

Referring to fig. 136 : 

H = Horizontal travel 

< 360 360 

L = Length of port = H - cover = 1*275" -*05" = 1*225". 


aTrD 50^12' X 3*1416 X 2*11 


1*275". 



Minimum cover =-*04". This is usually arranged so as to 
bring L to an even figure. ‘ 

W== Minimum space between ports (this does riot apply to 
alternate ports as shown in setting d, fig. 134) =H + cover 
= 1*275" +*05" = 1*325". 

h = height of ports = T + (T sin /3) = *7 + (-7 sin 22^° ) = *97". 

4 ports at 1*225" long -4*9" 

2 spaces at 1*325 „ =2*65" 

2 spaces oit *775 ,, =1*55" 


Circumference of sleeve valve = 9* 1 ". 


li = Inlet port tail 


H 


-(Tsin 


6375 -(*7 sin 7^ x 


1*45 

1*65 


= *6375 -*08 = 5575". 
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k = Exh. p(jrt tail = ; [ T sm v ) 

^ \, ' L / 

- •*6375 + ^-7 sin 15 “ x = - 6375 , -loOS ='• 797 ". 


With .straight-sided ports the flank angle-can »)e solved as follows 
(see fig. 136) : — 



BO 

r- corner radius usually 1/8", AB- . 

sin^ 


AD and EB = r, sin ^ 

'2 ' 

BC = L-(U2r), ' ^ = 90"-f 

Flank angle = X = 2 : - (/>. 


In fig. 137 the crankshaft timing diagram for the example worked 



a 

crankshaft timing 


OPtNS E 0 » 





valveshaft timing 
unbalanced 



VALVESHAFT TIMING 
BALANCED • 7»'CRANK PIN 
ADVANCE 


Fig. 137.— Tiding Diagrama 
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is shown at a, while tlie same timing transferred to tlie valveshaft is 
indicated at b, the eranksliaft being at T1)C\ while the valveshaft 
eranf:pin is at 131)(t It is obvious^That with 'this valveshaft setting 



a relativc'ly largo opening to exhaust would be obtained owing to tlie 
greater height of exhaust ])ort. To overi'onie this, and in orijer to 
make the nia, chining of poi'ts a simpler op(nat ion, inlet and exhaurd 



Ci!) -Four-i \ imdrr Hint Sui*;l(’ slcove \ alvc 

ports are made of equal height. Thij- is made possible by the setting 
of valveshaft crankpin in advance of its BDC’ and in relation to the 
crankshaft until the angles x and y are equal. The ai;\ount of offset 
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is foiui'l by ^ , and tlic rosujt for the exain])le taken is slu)wn in 

4 

fig. 13> at c ; the corresponding port opening diagram luaiig as 
^lown in fig. 138. 

Eig. 130* shows an example of a smaJl fo.ir- cylinder motor- 
car engine of r)8-m]n. bore and lO.'J min. in which single-sleeve valves 
actuated by the ball-and-socket mechanism are em})loyed ; while 



Fiir. 1 10 Fil^ in 

P-.ui & Stioud I0n;iiiio \\ ith l>utt Single \al\(^ 


figs. 140 and 141 sliow a remarkably neai^ design of motor-cvcle 
engine built liy Messrs. Barr &*Strond, and wicorjimrating the same 
features. • • 

Racing Cars.- The practice of motor-car and cycle raiang has 
been one of the most valuable stimulants to the design of efficient 
nternal-combustion engines, for the racing engine operates under 
conditions of Severity such as are met with in no other field, with , 
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the result that Weaknesses which wdlild develop in the course of 
years under ordinary conditions of service are shown up in as many 
minutes. The rapid progress whihh the high-speed internal-com- 
bustion engine has made during recent years is due to the stimulus 
of motor racing, md that to an extent which few people fully 
realize. 

In the production of a racing engine the designer has full liberty 
to employ every means known to him tq obtain the highest possible 
power output regardless of any other consideration i except that 
during more recent years it has become tlie practice to limit tne 
cylinder capacity of racing engines, a restriction wliich has proved 
of undoubted benefit. 

There is a popular impression that because the racing engine 
no longer resembles tlie actual article used in touring cars its 
value, from an Ciflucational point of view, has been lost ; this, 
however, is a sheer fallacy : the racing engine operates on the same 
cycle" and under the. aume conditions, except that they are much 
more severe, as the qrdinary touring-car engine, and the lessons 
learnt from its behaviour are just as applicable to the intelligent 
designer as though the engines were identical. 

^ From an educational point of view it is probably desirable 
that the racing engine should differ from the touring model, for by 
its difference — 

< (1) Higher speeds and therefore more strenuous conditions of test 

are obtained. 

(2) The racing engine of to-day is providing lessons for the future 
also, and not only for the immediate present. 

Again, there is a popular but wholly mistaken belief that tiio 
racing iQotor-car engine, though powerful, is not ‘‘ efficient,” and that 
since fuel economy does not enter into consideration such engines 
teach us nothing about this important question. For an engine to 
be'powerful it must be efficient in every rfspect — that is to say, it 
must convert the highest possible percentage of the heat energy 
' available from the combustion of every pound of air into useful work 
at the flywheel. If, as ‘*nay sometimes be the case, the air is super- 
saturated with fuel, that is the carburettor's not the engine’s fault, 
for with. good carburation the racing engine will show the highest 
possible thermal efficiency reckoned on the fuel also. 

The engine illustrated in figs. 142-149 is one of several constructed 
by Messrs. Vauxhall Motors Ltd. for the^r racing cars for the 1922 
season. It is of three- litres capacity, and develops, the a^athor believes, 
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A'au hall 'Ihree-litre Raring Engine 
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the highest power output ever yet obtained from an engine of this size. 
The main features aimed at in the design of this engjne were : 

t o o 



Fig. 145.— Vauxhall 'I'hree litre Racing Engine 

(1) To obtain the maximum posMble thermal efficiency, with a 
view to getting the utmost possible pojver output from the aval - 
able air. 





f 


ENGINES FOR ROAD VEHICLES 


273 


(2) To ensure the maximum of structural rigidity. 

(3) To avoid crankshaft torsjonal vibration at any speed of which 
the engine was capable. * 

^ (4) To obtain the highest possible mechanical efficiency, f 
(5) To obJ:ain a high volumetric efficiency. 

■(6) To provide^ form of connectinir-ro(f big-eiid bearing which 


p 



Fig. 14G.~ Vauxhall Three-litre Racing Flngino : Auxiliary Drive 


shoffid be capable of withstanding continuous running at a mean 
speed of well over 4000 R.P.M.* 

The steps taken to meet these conditions were : — 

(1) In order to obtain the Ijighest possible thermal efficiency the 
combustion chamber was made of the shallow pent-roof type with 
the sparking fitted centraMy in tfie cylinder head. The maximum 

VOL. u. * w 



274 


THE INTERNAL-COMBUSTION ENGINE 


a 


distance from the Sparking plug points to the farthest point in the 
combustion, chamber is only 1-9 inches. M addition to the central 
plug, provision was made for the .fittihg of two other plugs, one on 
eith^l"* side, to be operated synchronously from a single low-tensign 
contact breaker. These additional plugs were intended rather as 
a standby in case of failure of the central plug they were, in fact, 
never used. ^ 

(2) In order to ensure the maximum of structural rigidity the 
crankcase is made as deep as possible aild of a barrel shape, with the 
maximum cross-section at the centre ; th^ cylinde/ water-jackets 
were cast in one piece and rigidly attached to form an additional 





Fig. 147. — Vauxhall Ihroe-litre Racing Engine: ('yhnder Heads and \ alves 

girder, -vhile tlirgugh bolts extend from the cylinder block to the 
very bottom of the crankcase, thus forming a structure of extreme 
rigidity both as regards torsion and bending. 

(3) With a view to eliminating torsional vibration, the flywheel 
is mounted in the centre of the crankshaft so that the maximum 
length subject to torsion is reduced to about 8 inches. The shaft 
is, in fact, made in the form of two entirely separate two-throw 
cranks, each provided with flanges between which the flywheel is 
bolted. ' This arrangement, although very unorthodox, proved most 
successful, fio trace of torsional vibration being observed at any 
speed at which the engine could be run. 

(4) With a view to obtaining the Ifighest possible mechanical 
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efficiency, pistons of the slipper type are employed and the cylinder 
liners are maintained at a higli temperature in order to lower the 
viscositv»of the lubricant adhering to them. Tliis latter is ae^om- 



» , • i 

Fig. 148. — Van.xliall '1 hrco-htro Ka< ing Fnginc : (’rankcaso 


plished by isolating the lower part of the liners from the main water 
circulation, so that the cooling water surrounding them is left prac- 
tically stagnant. For the rest, the use of ball and roller beii rings 
wherever possible contributed to reducing the friction losses to the 



/ 


Fig. 149. — Vauxhall Three-htro Rjicing ICngino: one of the Carnsfiafta 

lowest possible limit and at the same time obviated the ni^bessity 
for any form of oil cooling — alwaj^s a troublesome problem. 

(5) In order to obtain a high volumetric efficiency the induction 
system was divided so as to# avoid any overlapping of the suction 
strokes. The central pair of cylinders were fed from one carburettor 
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and the outer pair from a second and entirely independent car- 
burettor. In tliis manner use coufd be made of thb kinetic energy 
of Ijhe gases flowing in tiie induction pipes thoroughly to fill the 
cylinders without any risk of one cylinder robbing another, as mfist 
inevitably occur 'vheit all four cylinders draw froifi any one in- 
duction manifold, owing to the -overlappiiig of the opening period 
of the inlet valves. ^ 

The engine has four cylinders, each- of mm. bore and 132 mm. 
stroke, and was designed with a view to running continuously at from 
4OO0 to 4500 R.P.M. with short periods up*^ to 5000 R.P.M. In order 
both to provide structural rigidity and to enclose the central flywheel 
the crank chamber- is of barrel shape and is mounted in the chassis 
by trunnions attached to *the sides. •The cylinder block consists of 
an aluminium casting 'forming the water-jacket into which loose steel 
liners are fitted,' with rubber rings to ensure water- tightness. The 
cylyider heads are cast in pairs in hard bronze and call for no parti- 
cular comment. The valves, of which there are four in number to 
each* cylinder, are ccgnparatively small with a high lift, and t|ie valve 
gear generally is designed to operate at a speed of 5000 Il.P.M. 
The inlejb valves are heavily masked, and by this means it is possible c 
■ to employ a comparatively low rate of acceleration and therefore 
to use very light and lightly stressed valve springs. The two cam- 
shafts are carried in aluminium housings supported froMi the main 
cylinder block at their centre and at either end. They i^n in plain 
bearings with cast-iron floating bushes. The cams themselves are 
of very small diameter in order to reduce to the minimum the rubbing 
velocity ; they are of the plain tangent flank form. The cam 
followers are of the plain curved slipper type, with a short str&lght 
push rod interposed between the follower and the valve itself. The 
camshafts are driven by means of a chain of spur gears, the inter- 
mediate pinions of which are carried in separate spider housings to 
permit of the meshing being correctly adjusted. 

(6) Experience with bearings, both in actual engines and under 
separate tests, had shown that, even under the most favourable 
conditions as to lubrication, plain white-metal lined bearings could 
not be relied upon for the connecting-rod big-ends, because no matter 
how nruch oil be circulated through the bearings, nor how thoroughly 
it be cooled, there was little hope of getting rid of the heat 
generated by friction at a rate sufficient to keep the temperature 
of the bearing material within safe limits. Further, in order to 
reduce vibration and ensure structural rigidity, 'it was essential 
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to keep tlie cylinder centres its close togetlier as possible, and this 
limited the permissible width^ o^ bearing surface both on the crank- 
pins and jnain crankshaft journals^ 

♦ In view of these considerations it was apparent that if alcon- 
tiauous mean speed of over 4000 R.P.M. .was ,to be maintained 
some form of craifkpin bearing other than a plain white-metal 
lining would have to be employed. Tiij choice lay between (a) thc^ 
use of^a floating bush ^between the crankpin and conijecting-rod, 
under forced, lubrication, and (b) a roller bearing. - Both these 
would necessititte thd use of some form of built-up crankshaft wjtli 
case-hardened crankpins, since neither the floal^ing bush nor the 
roller race could be, split, nor could the weight of a split big-end 
bearing be tolerated. Of tj^ie two altp.rnatives the floating bush 
would require continifous ^lubrication under ‘pressure, while the 
roller bearing could be used with%splash lubrication. Since for the 
same and other additional reasons, it was essential to* employ ball 
or roller bearings for the main journals, the provision of continuous 
lubrication under pressure to the crankpins became a very djfficult 
problem, and it was decided therefore to ado|5t the second alterna- 
tive and employ roller bearings. The method of building up the 
crankshaft was another problem, and after much consideration it 
was decided to employ a completely built-up crank, consisting of 
plain parallel pins on to which the crank-cheeks were shrunk as in 
marine and large gas-engine practice. 

The crankshafts throughout were made from plain mild steel 
with the pins case-hardened. For the connecting-rod tig -end 
bearing, it was decided’ to use a double row of short rollers located 
iumH one-piec*e bronze cage, while the hardened eye of the con- 
necting-rod itself formed the outer race. This is further stiffened 
by means of two circular webs. Like the crankshafts, the connecting- 
rods are of plain low-carbon case-hardened steel. 

Lubrication. — Two oil pumps of the oscillating valveless plunger 
type are provided, both bf which are operated from one of the idle 
wheels of the gear train. ^ One pump draws oil from the oil sump* 
and delivers it to an oil gallery running theiull length of the crank- 
case,’ provided with four jets playing oil on to e^ch of the crank- 
throws. The second pump delivers oil under a pressure of about 
25 lb. per square inch to the camshafts, the oil being distributed 
through the hpllow fulcrum pins of the valve rockers ; from the 
camshaft casings, the oil drains back by gravity to the crankcase. 

Cooling.-#The cooling water is circulated by means of a centri- 
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fugal pump running at one-half enginie speed. From the pump the 
water passes around the upper end ‘of ihe cylinder liners, the lower 
parts of which ar^ partitioned off in order to maintain the water 
nioreT or less stagnant, and so to permit of the bearing portion of the 
liners attaining rapidly .a fairly high temperature. From the upper 
deck of the cylinder block the Water passes to the cylinder^ heads in 
parallel, and so returns to the radiator. In order both to cool the 
crankcase and slightly to h^at the air on, its way to the carburettors, 
the air supply to the engine is drawn through the upper part of the 
crankcase and around the exposed, lower ends o { the cylinder liners. 

The compression ratio used is 5-8 : 1. It had originally been 
proposed to employ ^a much higher compression ratio, and to run 
on a special fuel mixture, but owing to the difficulty of providing 
an efficient form of combustion chamber with any higher compression 
ratio, and at the ^pme time avoid any risk of the pistons striking 
the valves should these accidentally stick in the full open position, 
it was considered sa% to employ a lower ratio, at which, owing to 
the short-flame travel from the sparking plug, ordinary good quality 
petrol can be used without detonation. 

In general, though the engine is designed throughout to cun at 
v^ry high speeds, it contains no extremes either of design or material. 
The whole of the crankshaft, the connecting-rods, and the gudgeon 
'pins are of straight low -carbon mild steel. Neither the cannecting- 
T’ods nor the pistons are particularly light. The cams are of the 
plain tangent flank form, free from any concave surfaces, the accelera- 
tion of the valve gear is low, and the valve springs are very lightly 
stressed. In short, the engines were designed throughout with a 
view to reliability both in manufacture and in runiiing, and 
ample margin of safety provided for. 

The performance of one of these engines which underwent pro- 
longed testing on the test-bench is shown in fig. 150, from which it 
will be seen that a maximuinof 129 B.H.P. is reached at a speed of 
4500 R.P.M., the brake and indicated mean pressures at this speed 
^being 124 and 159 lb. per square inch respectively, and the mechanical 
efficiency 78 per cent. ^ It will be observed also that the highest 
indicated mean pressure was obtained at a speed of about 3700 
I^.P.M., showing that the combination of induction pipe design and 
valve setting; was such as to give maximum over-all efficiency at this 
speed. With a combustion efficiency of 34-75 per c,ent this corre- 
sponds to a volumetric efficiency at N.T.|^. of 80-3 per cent, a figure 
which is in very close agreement with that obtained fro'm the author’s 
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variable compression engine under similar conditions as to tempera- 
ture, and at aaSpeed^of 1790 wlucii is tlie most cflicient 
sjieed fdr this particular engine. Tliis figure also is in very close 
agreement with readings taken of the compression pressure *when 
motoring, winch at 4000 P.P.M. was foundto be 139 lb. per square 
inch, indicating that the cylinders Wcie lilled up to very nearly full 
atmosoheric pre,ssure at this speed, 'llie mechanical eihciency wai«i 
arrived at from a very largo number of tests by Ajorse’s method on 
pairs of cjlinliers separqtoly, on individual cylinders, and by motor- 
ing tests. The three methods shovved exceptionally c'ose agieemeiit 
over the whole range* of speed. 



R.Pfl 

Fig. l.to — V auxhall Three litre Haeing Kngino 

The performance of the engines is almost exactly what might 
be anticipated from an analysis of the general design based on the 
data given in tlie preceding chapters, and, since it (‘on, forms so 
closely, it may be of interest and perhaps of some use to en^ne 
designers to recapitulate such data in so far as it applies to these 
particular engines. It may also, the author hopes, help to dispel* 
the still prevalent superstition that sonie^mystery enshrouds the 
performance of racing motor-^ar engines, whose* behaviour is, in 
fact, perfectly normal in every respect. • • 

The leading dimensions of these engines are as folio vs : — 


Bore 

Stroke . . . 
Compression 


...» 


$ 


85 rrirn. =3*34 inches 
]32min. = 5’2 ,, 

5-8: 1. 
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Area of piston ^ .... 8-75 square inches. 

Swept volume of cylinder ^ 45-5^ cubic inches. 

Weight of reciprocating parts (pe^ cylinder) 1-7 lb. 

„ ,, „ (per sq. in. of piston area) 0-10.5 lb. per sq. in. 

Number of valves ^ 4—2 inlet, 2 exhaust. 

Diameter of valve ])ort4 (inlef) =l-3i inches. • 

„ „ (exhaust) ... ‘' '... =1-30 „* 

Lift of all valves o —0-.354 ,, 

Effective area^through inlet valves =2-.55 sq. in. 

(Inlet valves masked 0-050 incfies of travel.) 

Ratio piston area to effective inlet j)ort area =3-^4 : 1. 



Fig. 151. — Vauxhnll Thrco-litro Kaoing F.ngine 


The chart, fig, Ifil, curve A, shows tlie mean gas velocity through 
the inlet valves at speeds varying up to 4500 R.P.M., and curve B 
shows the volumetric efficiency which corresponds ^vith these mean 
*gas velocities allowing for the latent heat of evaporation of the fuel, 
assuming that the miliimum of preheating were used and that 
there were no undue ^redrawing 4n the induction pipe or car- 
burettors, both of which conditions apply in this case. Curve B 
is arrived at by calculations such as those given in Chapter II, by 
deduction from various test results, and finally by direct air measure- 
ments taken on various engines with similar combustion chambers 
and similar gas velocities through the inlet vafves. 'The falling off 




ENGINES FOR ROAD VEHICLES 


281 


in volumetric efficiency, at tlie lower speeds is due merely to the 
late closing of the inlet valves, \Vhich results in the rejection of some 
of the cohmbiistiKle mixture duiiif^ the erriy part of the compression 
stroke ; While the falling oif again at very high speeds is (Rie to 
wiredrawing 6r insufficient valve area. WitJi a combustion chamber 
of the form used ‘giving the maxitnum of turbulence, and with 
central ignition, the efficiency reckoncdtCii tlie air consumption will^ 
at high speeds, be approximately 69 per cent of the air-cycje efficiency 
for the compiession ratio Chapter IV). 

The air- cycle efficiency corresponding to a compression rr.tio of 
5-8:1 is 50-5 per cemt, so that the combustion efficiency will be 
69 50* 5 

loo ^ 100 ^ highest speeds, wlien turbulence 

is at^a maximum and direct, heat loss at a ndnimum. As the speed 
is reduced turbulence becomes less, owing to the lower entering gas 
velocity, and the direct heat loss, though of ( omparatively small 
, consequence, will also increase, with the result that ('ombustion 
efficiepey may be expected to vary a})proximalely as the c^rve C, 
fig. 151. The values given in this curve are taken from those found 
> on tlie author’s variable compression engine under almost exactly 
similar conditions. 

From the curves B and C and the known heat of combustion per 
standard cubic inch of mixture, as given in Chapters I and II, the 
indicate^ mean effective pressure can be arrived at directly by 
multiplying together the volumetric, efficiency, the heat of com- 
bustion per standard cubic inch (47-8 ft.-lb. in tliis instance) x 12 
X the combustion effi(*iency ; thus at 3000 R.1\M. the indicated 
liiv^an pressure will be 0-807 x47-8 x 12 x 0-343 -- 159 lb. per square 
inch. Similarly at speeds from 1500 to 4500 we find tliat the 
theoretical indicated mean effective pressure slmuld be — 


R.P.M. 

V^jIu metric 
Efficiency 
per cent. 

CombuHtion 
Efficiency 
jicr cent. 

Indicated mean 
PreBsuro 
lb. i)or fKp in. 

Observed I.M.l^.P. 
lb. j)er sq. in. 

1500 

75-0 

31 0 

•133-4 

1.38-5 

2000 

77-G 

;i2*6 

H5-1 , 

148-0 

2500 

79-7 

33-9 

1.55-0 

1.56-0 

3000 

80-7 

31-3 

159-0 

^61-0 • 

3500 

80*7 

34 G 

160-4 

162-5 

4000 

79-9 

34-7 

159-2 

162-2 

4500 

78-5 

34-8 

156-9 

159-0 

5000 

1 77-0 

1 ft 

# 34-8 

153-7 
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From the aboVe it will be seen thfit the agreement between the 
estimated and the observed figures % «o close as to prove that the 
engine is behaving ‘normally in every respect ; it is, in fact, so close 
as tc^ indicate a certain share of coincidence, for neither calculation 
nor measurement eouhh be exact to within closer limits than 1 per 
cent, leaving scope for a variafioi) of 3 lb. per square inch between 
the observed and the caloulated figures, assuming that all the 
premises oh whicli the latter were based were strictly accurate. 
No tests were made above 4500 R.P.M. or below 1500. 

. Intthe first volume of this book certain empirical formulae, based 
on an accumulation of experimental results, we're given for determin- 
ing the mechanical ^ffi(“iency^ of an engine. These formulae were 
arrived at from a large nuRiber of experiments juostly carried out 
on quite slow-running engines, but late’’ experiments indicate that 
they are applicablQ also to liigh-speed engines with, perhaps, certain 
small reservations. 

Tile losses in any., internal-combustion engine may be divided 
up into — 

(1) Piston friction. 

(2) Fluid pumping losses. 

. ‘ (3) Bearing friction and auxiliary drives. 


V Of these piston friction constitutes always by far the largest 
proportion, and all more recent tests appear to indicate that for a 
piston of more or less normal design and pioportions, and for normal 
conditioiis as to lubrication and jacket temperature, the piston 
friction in terms of lb. per square inch on the ])iston head may be 
arrived at with a fair degree of approximation by the empirii^s*! 
formula — 



2 Moiin ijiertia ])ressiir^'| 


+ 2 - 0 . 


From such a formula we find that tlie piston friction expressed 
in terms of mean pressure on the piston at every fourtli stroke 
(i.e. expressed on equal terms to the useful mean pressure) should be — 


, SiK'od M. 

15(X) ' 

20(X) 
25(X) 
3(XX) 


ston Kru tuni. 
or sq. in. M.E.R) 

7- 7 

8- () 

100 

11-4 


Si>eo«l li.e.M. 

35(X) 

‘4000 

4500 


Friction. 

(11). per sq. in. M.FIP.) 

131 
15-1 
... 17-3 
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The fluid pumping looses are dependent, assuming a normal 
valve setting, ks in t!us ease, knd no otlier s erious obstruetion to 
the flow of gas into or out of the c}dinders, upon the m.ean gas velocity 
through the valves and more pailicularly through the inlet vAlves. 
In j^olume I.‘ fig. 23, a curve is given sho^dng the observed fluid 
pumping losvses at (Afferent gas velocfti^'s: from this curve, and tliat 
of gas velocity given in fig. 151, we find ^hat tlie fluid ])um{)ing losses 
in this particular engine again expressed in terms oi mean f>iessure 


should amount to 




S])w‘d ^ 

luul Pumping 

(11)^ ]K’r rt<p i».) 1 

! S|khh1 K.P.M. 

Fluid Puinpmj 
(lit. jH’r s(|. 1 

\rm 

20 

i 35('K) 

5-1 

2(X)0 

2-3 

cUm 

G l) . 

2500 

2-9 

t5.X) 

H-(> 

• .‘MXK) 

to. 




Finally, there remains the friction of the l)earrugs and llte j)ower 
absorbed by the auxiliary drives : these latter consist of a long train 
' of gears to operate the overhead camshafts, the camshafts them- 
• selves* in plain floating bearings, a large waier circulating ])um|), 
two oil pumps, a small air-compressor for fuel sup])ly, and the 
igniti(bi g(‘ar. No direct measurement was taken of IIh^ power 
absorbed by these auxiliaries, and in the absence of actual data we 
must fall back on analogy from tests on other engines more or less 
similarly equipped. From such an analogy it may be assumed that 
tlie loss due to all these sources will range in more or h*ss a straight 
line from the equivalent of 3 lb. per square inch at 1500 K.P.M. to 
about 5 lb. at 4500 K.F.M. 

From the above it will be seen that th(‘ total of fluid and frict ional 
losses may be estimated at - 


Sixrd il.P..M. 

'I’oiill J/OHHOH. 
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Fig. 152 sliows in full lines the estimated friction losses as arrived 
at in the abofe tallies, and in dotted line, the observed losses as 
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irrived at by motoring and by tests \<^ith the ignition cut off from 
irarious cylinders. It will be observed othat while the general slope 
)f the curve of* mechanical and other losses does not agree very 
closely with the estimated curve, yet the mean value throughout 
bhe whole range of epeed is in very fair agreement. ^ ^ 

A number of readings of filel consumption using the petrol re- 
ferred to— as sample A in Chapter I — were taken at different speeds 
md loads, msing in all cases an economical carburettor setting : 
bhat is to say, about 10 per cent weak as against the 20 per cent rich 
nriij^tu^e employed for the attainment of the utmost possible power 
output. The fueh consumption readings there^ore were taken with 



ir)2. — FMiiMiat('(l ami obHcrvotl Fluid and Fritdion Jvossoa 

the carburettor so adjusted as to reduce the maximum power by 
about 6 per cent, d'liese tests gave the results shown in figs. 46 and 
47; in terms of pints per hour per indicated and per brake horse- 
power. This particular petrol has a corrected calorific value (in- 
cluding the latent heat of evaporation of the liquid) of 18150 B.T.U.s 
per pint. ‘ 

It will be seer that at 3000 R.P.M. the fuel consumption oh full 
load is only 0*45 pint per B.H.P. and 0-395 pint per I.H.P, hour 
corresponding to a brake thermal efficiency of 31-2 per cent and an 
indicated thermal efficiency of 35-4 per cent, a figure actually slightly 
in excess of the computed combustion ^efficiency, while at 66 per 
cent full load torque the observed fuel consumption at about 
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this speed was only 0-48 pint per B.IT.P. bour.’a figure unequalled 
even at full load by any t^irkng-car engijie. These figures should 



Fig. 153. — Tlircc-litre Vaiub'ill Haciag Kngiuo 
Curve Hlunviiig ( 'oiiHunijjtiou on 'I’lirottlo i-t 2770 K.P.M., and niont Koonoinical 
Mi.\tui-e IStreiigth. Fu<‘l, I’otrol. Oil, “ Shell,” h.R.O. 



Fig. 154. — Threc-litre Vauxhall Racing Engine 
riirvc showing Variation in Fuel Consumption with Sjieed. Most EeonomiAl Mixtu.-o • 
m all cases. Fuel, Petrol. Oil, “ Shell,” L.R.O. 


go far to dispel the theory that a racing-car engine is essentially 
extravagant in fu^l. The readings of fuel consumption when the 
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load was reduced iyy throttling down' to one-third full oad torque 
are rather striking. c ^ 

Thus at 2770 the fuel consumption on petrol was found 

to be^- 


B.H.P.' 

Fuol Consumption. 
(Pints |)er l^.H.Pi.}iour.) 

80 * 

0-455 

70 ... ^ ... 

0-}G5 

eo ...^ ... 

... 0-180 

50 

0-505 

40 

0-535 

'30 

0-.565. 

20 

0-610 

At 1950 R.P.M. the fuel consumption was - 

B.H.P. 

ConHiimption. 
(Pints [sr H. H.P. hour.) 

60 

0-170 

50 

0-180 

40"' 

0-195 

' 30 . 

0-525 

20 

0-570 

15 

0-()05 


It will be noted that when developing 20 B.H.P. at 1950 the 
'^’’oss consumption is only 20 x 0-570 = 11*4 pints per hour. With 
the gear ratio used 1950 K.P.M. corresponds to a road speed of 
48-5 M.P.H., a speed which calls for an expenditure of just about 
20 B.H.P. reckoned at the engine shaft, so that the consumption 
in miles per gallon with an economical carburettor setting even at 

this high mean speed should be 48-5 x ^ - about 33-9 miles per 

gallon. 

A brake thermal efficiency of 31-2 per cent is, the author believes, 
the highest ever yet achieved by any engine running on petrol. 
Incidentally it is worthy of note that the indicated thermal efficiency 
reckoned from the fuel consumption, when using a weak mixture, 
corresponds very closely ."vith the calculated combustion efficiency, 
showing that there can be practically no loss of unburnt fuel by 
irregular distribution or indeed from any other cause. It is interest- 
ing also to*note that the fuel consumption per I.H.P. hour is exactly 
the same as that obtained in the single .cylinder variably compression 
engine (described in Chapter I) when running on the same fuel, at 
the same compression ratio, and at the same gas vel^ity through 
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the valvesi but tlie brake thermal efficiency of the racing engine is 
considerably greater owing to the. higher mechanical efficiency of 
the latter. * , ^ . 

The author has dealt at considerable length with this particular 
engine, because the i;esults obtained from it serve admirably to 
emphasize that a racing-car engine is nothing, more or less than a 
highly efficient internal-copibustion engine designed throughout on 
purely scientific lines, and whose behaviour is, from a thermo- 
dynaipic point of view, perfectly normal in every respect. 

, ffig. 155 shows a photograph of one of <the* racing-cars fitted with 
the engine described above, equipped^as shown in the photo- 

graph, the car weighs with driver and -mechanic 2700 lb. ; in 
this condition and 'with ^ ^ear ratio giving 25 miles per hour at 
1000 R.P.M. it is capable of a maximum speed on the level of 115 
miles per hour, corresponding to, an engine speed exclusive of wheel 
slip of 4600 R.P.M., the actual engine speed being probably about 
4800 R.P.M. 



chapter, XI 


AERO-ENGLNES 

Of all the applications of tlie Internal-coiuhusf ion Engine, it is to 
aircraft in particular that high efficiency in if widest- sense is most 
essential. The aero-engine i^niist be efIL ient nut- only in i’<*lation to 
the £uel it consumes, Out in every possible' icspecf, including the 
material of which it is constructed, and it is ‘therefore primarily to 
the aero-engine that most of the considerations in i]u‘ pr(‘ceding 
^cliapters have been directed. 

AltJiough it is only a very few years since the first power-Jriven 
aeroplane succeeded in leaving the ground, yet in lliis V(‘ry shoiT 
space time tlie aero-iMigine has passed through sevc^ral jihases of 
its development. 

* Jn its earliest stages of development the one controlling factor 
wgs weight, then, as tlie aeroplane improved and longer flights were 
contempli|ted, the weight, not of the engine itsc^If, but with fuel,. 4 
oil, etc., for a protracted flight became the primary consideration, 
and extreme lightness of the engine alone, began to give way to 
some extent before economy in fuel and oil consumption, and 
liability. 

The Great War brolye out during a very early stage in the develop- 
ment of aircraft, but the importance of the airship and aeroplane 
for military and naval purposes became so obvious that development 
was stimulated to an extent which has probably never before occurTed 
in any branch of engineering. 

The beginning of the war found Germany, alone of all the nations • 
concerned, with any form of considered poli^ in n'gard to the type 
and line of development to b^ pursued. France* possessed com- 
paratively, a very large number of aeroplanes propelled by ev^ery, 
conceivable type of engine, including air-cooled, water-cooled, fixed 
radial and rotating radial, four-, six-, eight-, and twelve-cylinder 
stationary types, in 'fact a heterogeneous collection representing 
examples of ev€ry conceivable type, but apparently without any 

VoL. II. 289 
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policy as to wKich types to perpeifuate Jor immediate military 
purposes. Our own country possessed veiy few aeroplanes at all, 
and still less experience. 'Such few engines as we did possess were 
propelled for the most part by a miscellaneous collection bf French 
and German cngine^s, a few by tBe R.A.F. Vee-type air-cooled engines, 
and one or two other more of less experimental English -designed 
engines of the straight-line r.ix or Vee type. America, by wafx^hing 
the trend (rf events for ovei^two years as a neutral, had ample’ oppor- 
tunity 'to frame a policy, and decided, on entering the war, on the 
de\ el(i;pment of a twelve-cylinder Vee-type engine, embodying the 
proved features o\ the best Vee-type engines in use at the time. 
Though eventually ^ very satisfactory engine, its development, 
despite the fact tliat she had unlimited experience placed at her 
disposal, took too long, and tlie engine did not appear in time to 
play any appreciable/ part in hotstilities, almost all the American 
aeroplanes in actual service during the war being equipped with 
engines of European design. 

Germany, from the start, decided to restrict development almost 
entirely to the six-cylinder straight-line water-cooled engine, on the 
grounds that this ty})e of engine, thougli heavy, would giye the 
maximum of reliability and fuel economy and permit of the largest 
production with limited manufacturing resources. Her policy was 
"probably right, even as events turned out, and would ceii-c.inly have 
I been right had the war proved, as she undoubtedly expected, to be 
of short, duration. 

We in England had, before the war, given so little attention to 
aviation that we had no experience upon which to frame a policy 
of any kind at the start, hence we were forced to adopt the enly 
course T)ossible and purchase or produce evejy engine we coirld lay 
our hands on, regardless of type, until we liad gained the necessary 
kirowled,ge and experience to etrablc us to proceed independently. 
Dtispite this heavy handicap it is not a little to the credit of 
British engineers and scientists that, by the Armistice, we had the 
* largest production, and had ourselves evolved probably the most 
efficient designs, both* of engines and aircraft, of any of the 
countries concerned. 

, . The progress of the war very soon indicated that several entirely 
different types of aircraft would be needed ; for example : 

(1) A very fast, but small and light fighting machine, capable of 
rapid manoeuvring and of climbing to high altitudes, but not required 
for long sustained flight. 
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(2) An observation aeroplane for spotting for artillery and 
generally reconnaissance to be capable of attaining high 

altitudes^ and of long-sustained flight, but not necessarily very fast. 

• (3) A* large bombing machine capable of carrying heavy^loads 
and of flying great distances withoutTeplenfehnRnt. 

The lirst t}"pe r^uired an engine c.f high power at any abitude, 
light weight, and short over-all lengih. Economy of fuel and oil 
was, however, of secondarv im])ortan(‘.e since such niaMiines were 
not normally' expect/od to carry out long flights. 

The second type required an engine of high power at liigh aliitiidcs 
only and high fuel economy. Since such machines always climbed 
to a high altitude before crossing the enemy’s liiies, and collide there- 
fore aft'ord to climb slowly, the power (uitput at or near tiie ground 
was 'of little importance, provided it was sjiflieient for safety in 
taking otT. 

The third t}q)e required an engine of the highest possilfle economy, 
-•both in fuel and oil, and a very high power ou-put at or near ground 
, level m order to enable it to take olT with the heaviest possible load. 
Since such machines were used almost entirely by night, performance 
at veiy liigh altitudes was not recpiircd. If cajiable of leaving the 
ground at all at the start, tliey would, by the time they had reached 
their objective, have attained a suflicient altitude to ensure reason- 
able secinity against anti-aircraft fire from the ground. 

For all these purposes Germany decided to (‘ornpromise with a'-' 
single type of six-cylinder straight-line engine of between ilflO and 
300 a typical example of which is shown in fig. 150, though 

towards the closing stages, finding that she was being outclassed 
by the Allies, who were employing specialized engines for each class 
of machine, she began to show signs of departing from this policy. 

For the first class of machine the lightest and shortest possible 
engine was required, and this undoubtedly would have been met by 
the air-cooled fixed radial had any country succeeded in producing 
a really successful example of this type and of suflicient power. No 
such example was produced before the Armi.stice, although all the* 
allied countries made strenuous attempts In do so. Machines of 
this cflass were therefore fitted either with air-coolecf rotating engines 
or with water-cooled eight-cylinder Vee type. 

For the second class, namely, the reconnaissance machine, the 
eight- and tweive-cylinder Vee type and the six-cylinder straight 
line were used. The^ lattei* was, however, never held in particular 
favour by the Allies,' despite its inherent reliability. 
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For the heavy bombing machines, the* Allies used the same 
engines as for reconnaissance workf fer it was not until the last 
stages of the war-that the military importance of this class ofanacMne 
was appreciated, when several engines of from 500 to 800 H.P. of 
the twelve-cylinder oVee type were developed for the purpose. « 
The requirements of aerial transport in peate time call for an 
engine of considerable powerf capable of getting off with heavy loads, 
but not recfuired to climb bo very high altitudes, nor to cover very 
great distances without replenishment of fuel. In*- the former 
res^ecf the conditions are somewhat similar to those obtaining in 



' Fig. lilO, — I’ypical Modern Six-cylmder (JernnJii Aero engine 

the case ,of bombing machines, except that the need for economy in 
fuel and oil is not so insistent. 

Both for bombing machines and, more particularly for com- 
'mercial transport, reliability is of great importance, and, since the 
machines are heavily loatied and fly in a relatively-dense atmosphere, 
the load factor on the engine is ve,’'y much higher than in other 
types of aircraft, so that the engines are operating under much more 
strenuous cemditions. Finally, we must consider the seaplane or 
flying boat, in which a very high power output is reejuired moment- 
arily when getting off from the water, o ^ 

It is popularly supposed that an aeroplane Engine operates 
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normally at or near its full load, but this is very far from being the 
case, for it must be reinemb«i‘e^het at an althudo of about 20,000 ft. 
thS density of the atmosphere is but little more than half that at 
^ouiid fevel, so that, even though the throttle be wide opiti, the 
weight of chal'ge taken into tlie cylinder is oitly al out ha If t he normal, 
and the conditions are very much akin to throttling down to half 
torque on the ground, for botli the pi assures and the lietit flow are 
reducM to nearly one half.* It is only ’ 'hen leaving the ground and 
climbing for the first few thousand feet that the load factor is at 
all high. 

An average modern single-seater fighting machine will climb 
10,000 ft. in about seven minutes, that to say, within seven ijiinutes 
of leaving the ground the machine is i.i air at an ai)solu1e ])ressure 
of only 10-6 lb. per square inch, and the indicated hois(‘-])ower is 
only 72 per cent of that developed at ground level so I hat 1 he power 
output is very rapidly reduced, even though tiie throttle be kept 
. wide open. It is only in the heavy bombing, machiiu' and in aerial 
transport that the engine is called upon to work “all out “.at low 
altitudes, and therefore under severe conditions as regards })ressure8 
and heat flow. 

Discussion still rages as to the lightest form of aircraft engine 
consistent with sound mechanical design ; and the dimensional 
theor}^ has been used and abused to an imwarrantod extent. The 
dimensional theory is applicable ordy when all dimensions are 
strictly propoTtional, which they can never be. According to siudi 
a theory the lightest possible engine will be the type with an infinite 
number of pistons connected to a minimum number of cranks. 
This holds good only so long as small pistons, cylinders, &(;., can be 
made proportionately as thin as larger ones, which is out of the 
question in the sizes in view, and also all the auxiifary structure and 
mechapism can be reduced in proportion. , 

The nearest practical approach to this theoretically ideal fdrm 
is the air-cooled radial engine with seven or nine cylinders disposed 
radially round a single crank, or double the number round tw§ 
cranks. It does rtot pay to increase the niTmber of cylinders beyond 
nine, because they then crowd too closely round the crankcase, 
necessitating a larger crankcase and longer connecbing-rcMls for tfie 
same stroke. Though very attractive on paper, this form of engine^ 
has certain inherent defects. 

(1) The loading ^on the single crankpin is excessive, and necessi- 
tates very speciaK treatment. Moreover, this loading being due 
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almost entirely to centrifugal and reciprocating forces, does not ease 
off appreciably as the density of the^Cliris reduced. 

(2) The distribution of ftiel and air in uniform proportions to an 
odd ifumber of cylinders disposed radially is no easy problem. 

(3) The valve gear i^ troublesome, and being so widely scattered 
it is practically impossible to enclose or lubricate' it. 

• Apart from its light weight, the fixed radial engine has several 
important advantages which go far to balance its inherent defects. 

(1) It lends itself admirably to air cooling, since every cylinder 
has' eq‘aal advantages, and all have their combustion heads pro- 
jecting well into the sljp stream from tlie propeller. 

(2) .It is very short., and therefore particularly' attractive from the 
point of view of rapi(3, manoetivring. o 

(3) Its general shapef and ease of attachment to the fuselage of 
an aeroplane are paints very much *111 its favour. 

During the war numerous attempts were made to produce such 
an ei;igine, but without much sm^cess, owing to the defects named , 
above, ^but since the Aynistice at least two successful engines c^f this 
type have been produced, notably the Bristol Jupiter engine of 
380 B.H.P. and the Armstrong Siddeley Jaguar of 350 B.H.P.# 

* The difficulties as regards crankpin loading and distribution can 
^ both be obviated by the employment of a fixed cranksliaft with the 
cylinders rotating round it, and by feeding the fuel and air tlirough 
*^he crankcase as in tlie Gnome, Le Rhone, Bentley, and otlier engines. 
This form was widely used before and during tlie e^Alier stages of 
the war, particularly by Fran(*e. For relatively small powers up 
to about 200 B.II.P. it is satisfactory, but the windage resistance 
becomes very serious and the gyroscopic effect due to the larrger 
rotating, mass very troublesome, when the sizve is increased beyond 
this limit. A compromise between tliese two types wherein both 
the cylinders and crankshaft rotate in opposite directions has been 
suggested, and several engines have actually been built, notably one 
by Siemens and Halske in Germany, and an experimental engine 
*Df about 250 B.H.P. by Messrs. Ruston and Hornsby, built to the 
designs of Mr. A. E. L. Cliorlton. ' 

After the singie-crank radial the next stage is the fan type, such 
as the well-known Napier Lion, in which three pistons operate on 
. each crank, ‘’and the Maltese cross type with four cylinders per 
crank. It is usual to make both these t}"pes with ♦■blocks of four 
cylinders, making twelve or sixteen in alb though some few examples 
^ have been built ^vith six-throw cranks, making e^hteen and twenty- 
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four cylinders respectively. Figs. 157 nud 15*8 show the Napier 
Lion engine, an exaniple of^tliin type which h us proved particularly 
suflK^essfyl. * 

% The next type is that in whieli two pistons are rouplod t^ each 
cr^k, generally known as the \ ee-type'.engine. This type has 
usually either four or six cranks, and therefore eight or twelve 
cylinders. To the Vee-t\T>e class Ivioiig most of the siua'essfnj 
enginos used by the Allie.vduring the war, and probably also at the 
present day* though more recent developments have brought both 
the single-craiik radial and the straight-line into promineiu'^'. I’lie 



Fig. 157. — Xivpicr Lion Fngino 


Rolls-Royce Eagle and Falcon engine.s, tiie* Hispano Suiza, 
and the R.A.F. were among the most suewssful exampjps of this 
type used during the war, while the Rolls-Royce Condor of '.550 
B.H.P., the Liberty of 400 B.H.P., and the COO H.P. Fiat represent 
excellent examples of more modern development. • 

Finally, we have the plain straight-Iin« six-cylinder engine with 
one'piston operating each crai^ ; a type which has been vehemently 
condemned by the supporters of the dimensional theory, J)ut whifh 
was used practically throughout by the Germans, and to a consider- 
able extent by, the Allies also, c.g. the Sid<leley Puma and the Beard-* 
more, both of which/ engiiuis did admirable work and competed very 
favourably wi^h th* other types. 
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• '' 
Controvetsy as to the lightest type of engine 'vill probably 
continue to rage indefinitely, siicceoso many conflicting and 
often indetermuiate factors have to be taken into ^account, 
viz. reliability, fuel and oil consumption, &c. On the grounds of 
reliability there caij be mo doubt but that for equal 'excellence, of 
design and workmanship the advantage lietf with the straight-line 
six-cylinder, since the load factor on its bearings is considerably the 
lightest, the stresses are for fhe most part siniple and direct, aiid can 





^ Fig. 158. — Napier Lion Engine, End View 

be dealt with by simple and direct means ; also the auxiliary gear, 
iipon which the reliability of the engine so hygely depends, is reduced 
to the minimum. On the score of fuel efficiency it has again, for 
equal excellence of design and workmanship, all the advantage, since 
the ^individual cylinders are larger and the losses therefore less in 
proportion, \yhile, having only two carburettors and an inherently 
good form of distribution, the losses due to defectiye carburation 
and distribution can, witli a given amount of if uperintendence, be 
kept lower than with any other type. Finally, ^ce Yhe load factor 
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on its bearings is the lowest, less oil need be ciirulated for cooling 
purposes, and consequenthVess^is thrown on the cvliiuler walls and 
consume^. On all these counts, therefore, the straight-line six has 
advantages which go far to compensiite for the extra material 
in ihe cranksiiaft and crank chamber as com]>aied with other t\q)es. 
It is, of course, ini5)ossil)le to evaluate the factor of n'liability and 
to equate it in terms of weight, though^ clearly, reliability is alwayi^ 
worth •some pounds in iniiial weight. 

Again, in.comparing the weights of \arious engines the cffi(\ency 
of the propeller is ’sometimes overlooked. One of the e so.itial 
requirements of any.aero-engine is that it shall turn the propeller 
at its most efficient speed, and this, in the case of large aiul heavily 
loaded machines^ is a comoaratively b'W om-: Hence the*engine 
must either turn at a reUlively low speed, }200-M0() R.F.M., or 
must be geared down, if a high ovei-all elUcienVy is required. KxjXTi- 
ence has shown that the weight of reduclion gearing wvv nearly 
, balances the increased weight of engine recjuir.ed to'develo)) the' same 
power at the lower speed, while here again llie factor of rcl[al)ility 
looms largely, since reduction gears, at the best of linu's, are a 
sourctj weakness, the more so as the ratio of rc^duction is increased. 
If we require the highest over-all efficiency, from tlit^ fud burnt to 
the thrust of the propeller, and assume a reasonable duration of 
flight, w<r find that the over-all weight of the pow(‘r unit, togctlv r 
with its fuel or oil, becomes, in practice, visually a function of tluj 
piston speed, ^nd this almost irrespective of number or disposition 
of cylinders or of the use or otherwise of reduction gearing. 

Air- or Water-copling. — Here again a great deal of cont roversy 
•rag3s as to which is the more do.sirable. The water-cooled engine 
starts with the heavy handicap of a radiator and watei’ connections, 
involving considerable additional weight, and, wlhil’. perhaps is even 
more serious for military purposes, much greater vulncrabdity ; but 
against these defects must be offset a very large advantage on •the 
score of reliability, and the ability, owing to the lower cylinder 
temperature, both to consume less oil, to employ a higher com# 
pression, and tlu^refore to obtain a lowfr fuel consumption. It 
is nbt proposed to deal, at any^length, with the pros and cons of air- 
versus water-cooling, but it is probably sufficient to point 
the radial engine, by reason of the disposition of the cylinders and its 
relation to thfi slip stream from the propeller, offers the most ideal* 
case for air-cooling,^ and, the author is tempted to think, the only 
case for it. 
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be dealt with by simple and direct means ; also the auxiliary gear, 
iipon which the reliability of the engine so hygely depends, is reduced 
to the minimum. On the score of fuel efficiency it has again, for 
equal excellence of design and workmanship, all the advantage, since 
the ^individual cylinders are larger and the losses therefore less in 
proportion, \yhile, having only two carburettors and an inherently 
good form of distribution, the losses due to defectiye carburation 
and distribution can, witli a given amount of if uperintendence, be 
kept lower than with any other type. Finally, ^ce Yhe load factor 
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that under normal working conditions local o\er-heating can be 
avoided and results obtaius^i ^mparable witli those of a water- 
cooJed cyjinder. 

%It ha^, however, been found very difficult to ensure a som^l job 
whgi casting the head on to a steel 'barrel, wliih the alternatives of 
bolting, screwing, ot shrinking have none of them proved suificiently 
reliable. Probably casting on to the I i^nel is the most hopeful, for. 
it is not impossible, and tlie, difficulties which have been encountered 
are mostly questions of foundry techniqm^, and, as such, will probably 
be surmounted as more experience is gained, (liven that, rs m a 
radial, or rotary engine, the position of the cylinder is such that it 
has the best of facilities for cooling, it has beon demonstrated that 
the air-cooled cylinder will give from 90 .to 95 pc r cent as liigh power 
and •efficiency as a corresponding water-i'oolect cylinder, so long as 
there is no distoition, leakage, or detonation*; but while tin' wat(‘r- 
cooled cylinder can generally survive such ailments due to the 
.automatic intensification of heat transference Jroni the seat the 
trouble, the air-cooled cylinder has no such advantage, ain^ nuist 
quickly give way to local overheating follow(‘d by ])re-ignition, and 
perhaps also by distortion and seizure of the pfston or burning out 
of the valves. 

The lack of recuperative power which in the author’s ojiinion 
is the waakness of tlie air-cooled engine a])plies also, though to*.i 
lesser exjtent, to those water-cooled engines in which tliere is a 
double metal ftmll through which the heat has to ])ass before reaching 
the cooling water. In fig. 195 is shown a part-sectioned cylinder 
block of the Hispano l^uiza water-cooled engine, in which it will be 
seen that a composite construction is usc^i consisting of a complete 
aluminium cylinder into which is screwed a steel thimble forming 
both the liner and cylinder head, and that the. vaH^es seat directly 
on to this steel thimble. This form has many important advantages 
from a constructional point of view, but it is open to the objec1?ion 
that the heat has to pass through two separate thicknesses of metal, 
in contact only by screwing, before reaching the cooling water.* 
Given good fitting*this suffices for the norAal rate of heat flow, but 
it has a very much reduced margin of safety for dealing with excessive 
rates of flow such as occur when detonation is set up, &c. , 

Cylinder Construction. — In an aircraft engine P is necessary 
always to proidde some form of composite cylinder construction, 
because the limitations oi weight deny the use of the normal 
construction inVhiot the outer jacket is cast in one with the cylinder 



300 THE INTERNAL-COMBUSTION ENGINE 

liner and of the ‘same material. Resort must, therefore, be had to 
composite built-up forms, and mych fdiversity of opinion prevails 
as to the relative merits ahd demerits of the different forms in ilse. 

^g. l69 shows the cylinder construction used in the 2130 
German Mercedes ^engines such as were fitted to the large Gotha 
bombing planes used during the war for long'-distance bombing raids. 



irA— (’ylindor ( 'ouHtructiou used in Fig. 100.— Austro-Daiinler C’yliiider 

the 200 H.P. Mercedes Engine 


. In this case a liigh-carbon steel barrel is screwed into a pressed 
or cast-steel head, the b(9ttom edge of which is spun over one of the 
flanges of the barrel and welded to it in order to ensure against" any 
possible .leakage down the thread. A light built-up sheet-steel 
jacket is then welded over all. This form of construction has proved 
a very reliable one, provided always that the welding has been 
skilfully accomplished. It is open to th^ objection that it requires 
a good deal of specialized plant and special skill m welding, especially 
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in dealing with the sparking plug losses and the *s*ater connections. 
Given, however, the requisi^ slyiil and plant, it is certainly a very 
satiiifactofy method, fhe long knd very woll-cohled guides for the 
exhaust vnlves are an excellent feature and deserve s])ecial notice. 

yig. 160 shpws the form of constiuetion vsed in the early Austro- 
Daimler, and later in the 120 and I 6 OB.H.P. Beardmon' six-cylinder 
engines. In this design the cylinder be.rcl and liead are cast in ono^ 
piece irifcCast iron, but the inlet valve is ttted in a separate' detacliable 
housing held in place by an annular locking nut. The lower end of 
the cyhnder barrel is'Sciewod externally to receive a steel tiarge for 
the holding-down bolt^. 

The water-jacket is of olectro-de])osiled cbjiper ; tins is formed 
in place on a wax matrix, which is subse^iuently melted out. T\luch 
expeyence and great ]>recivitions are needed 'to ensure a, uniform 
deposition of copper and tliorougli adhesioi^to the cast iron. In 
this case also, once tlic plant is available and the necessary experi- 
ence has been gained the method is very satisfadory. * 

Fig. IGl shows the form adopted by the ^laybach Comjiaify in 
Germany for their 300 B.H.P. six-cylindcT engines used in the later 
Zeppe^jin airships and, during the latter phases 61 the war, in many 
of the larger aeroplanes. 

In one form of this construction the cylinder head, together with 
the whole of the water-jacket, is of cast iron, and a high-carbori 
steel barrel is screwed and sweated, but not welded, into the head, 
the lower end^erf the jacket being sealed by means of a rubber ring. 
In another form, only the cylinder hea<l and the upper portion of tlie 
jacket are of cast iron,, the jacket of the barrel being a very light 
.seamless steel tube also screwed to the cylinder liead in the same 
manner as the liner. 

The construction shown in fig. 162 is that usgd ly the Benz Com- 
pany for all their aero-engines. In this case the whole of tln^ cylinder 
barrel, cylinder head, and holding'- down flange are cast •in 
one piece in cast iron over which a light pressed steel jacket is 
electrically welded direct, on to the cast iron. The welding of such, 
a thin steel jacket to a relatively thick eftst-iron body is no easy 
problem, but it has been met si^tisfactorily by this gompany. Atten- 
tion should be called to the use in these engines of a specif support 
from the crown of the piston to the gudgeon-pin in orde^ to transmit 
the load as directly as possible to the connecting-rod. 

The construction showy in fig. 163 is that adopted by Messrs. 
Rolls-Royce, arfd su/)sequently employed in the Liberty and several 
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other engines. In this case the cylinder barrel and head are forged 
in one piece, and the inlet and e^aii^t valve elbows are screwed 
and welded intq p^la(;e, th6 whole body being subsequently covered 
by a^jight pressed steel jacket, welded over all. 



»t- « 

rig. 161. — Zoppelm Airship Kngino ('ylindor Fig. 162.— Benz Cylinder 

Fig. 1(14 shows the cylinder construction used in the earlier Sun- 
beam enginer, in wliich complete blocks of cylinders were cast in 
iron together witli their cylinder heads and the upper-portion of the 
water-jackets; to save weight the whole <of tlie^ sides of the casting 
below the valve outlets are removed and replaced ' by light sheet 
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metal plates. In some- of the later Sunbeam ei^gines siieh as the 
200 B.H.P. Arab engiiu', the complete eyliiuler block was ciist in 
alimiiniu^^l withthin sieel liner's shrunk in. ^ . 

%Fig. Wo sliows the construction of the llisj^ano Suiza cvynder 
blo(;k already i-eferred t«>, in which a complex steel thimble, forming 



Fig. —-Rolls- Koyco lindcr Fig. UU. — Sunlx-am Cylinder 

t 

both the cylinder Airier and valve seats, ij^screwed directly into an 
aluiAinium cylinder block. 

In the Siddeley Puma engine snown later m ng. 175, Jilocks of 
three-cylinder heads, together with the upper portion ( f the water- 
jacket, are cast in aluminium witli pressed-in bronze valve seats. 
Into these are screwed, fos a sliort length only, tliin steel cylinder 
barrels. The fovveif portions of these exposed steel liners are 
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enclosed by means of light and very th*in die-cast aluminium jackets 
which are bolted direct to the cylinder Jiead casting, while the lower 
joints consist of,rilbber-packed stuffing glands. ‘ ^ 

TJie form of construction shown in the previous chapter, in 
connection with the three-litre Vauxhall racing-car engine, has ]^een 
used in several experimental Wo-engines, -and has been • adopted 





105.— 11 ispano Suiza (’yliin|er Fig. 100.— C’lerget C’ylintg|^'r 


by Messrs. Beardmore in the large 750 B.H.P. six-cylinder aero- 
, engine built by that firm. 

It has in the author’!i> opinion much to recommend it, not the 
least being its extreme simplicity and ease of manufacture. 

Turning now to air-cooled engines the problem becomes some- 
what different, since weight is no longer the sole consideration, high 
^conductivity being at least equally; if not more important. In 
engines with rotating cylinders the cooling conditions are very 
favourable, and in such engines it is usual to employ plain steel 
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cylinders machined throughout from a single forging as sliown in 
fig. ICC, which is the form ftnpjoyed in the rotating engine, 

and fig. IC7, which shows a section of the (liiome single valve engine. 

% Fig. fC8 shows a section of the Le Khone cylinder. Jn tli^i case 
thewwliole of the cylinder and head is machined from a single piei‘e 
of steel,* but a ver/thin cast iron liner aliout I mm. in thickness is 



Fig. 107 — O'nonic ( 'yliiidcr Fig. 108. — 1.^5 Khotio ( yliiulcr 

pressed in. This (^instruction is curious, and the author lias never 
been* able to discover for what ^jeason it has been adopted. 

In the B.R. 1 and B.R. 2 rotating cylinder engines, fig.*lC9, th^ 
cylinder barrel consists of a liard steel liner surrounded by a thin 
and light ribted aluminium jacket. The cylinder heads in this 
engine are detachable and are of steel, also a curious construction. 
In the case ^ of fixed cylinder engines the problem of cooling 
voL. n. 5* 
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becomes more difficult and resort had to be' made to more compli- 
cated construction^. c ^ 

Fig. 170 shows an experimental R.A.E. cylinder for fixed cylinder 
air-copied engines. This consists of a thick aluminium casting with 
deep ribs and withrsteer valve,. Wts cast in position.^ A thin steel 
liner is shrunk in as shown in the photo of ‘the sectioned cylinder. 



Fii». 169.— 9 ('ylinder B.ll. Rotating Kngino 

This proved satisfactory for a time, but contact between the liner 
and cylinder body gradually failed, resulting in overheating of the 
liner. As explaified previously, this- form of cylinder construction 
waS' subsequently abandoned in favour of one consisting of an 
aluminium cydinder head cast on to a plain ribbed steel barrel. 

In the Bristol Jupiter engine shown in fig. 171 the whole 
of the cylinder barrel and head are of steel, but a cast aluminium 
poultice containing the inlet and exhaust valve ^elbows and heavily 
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ribbed, is attached to’ the fijt steel Iiead. This form is simple to 
manufacture, <yid lu^s the :i(I\tj*iitage that it e^’^ntact between the 
cybnder»head and aluminium poultice is impaired by war|)ing, it 
can be restored by scraping the surfaces. ♦ 

•As stated previously, no satisii(‘tory* iixed radial air-cooled 
engine of ade(piate size was devel(>[)ed dming the period of the war 
despite tlie most strenuous efforts in dds direction. Since the war, 



Fig J 70 — [lermuntal H. A. F. Air-codlixl ( '\ InutT 

however, two such^ engines have been developed, namely, the Bristof 
Jupjter and the Siddeley Jaguar, figs. 170-174. 

Tlie former is a single craftk nine-cylinder engine developing a 
normal power output of 380 B.lf.P. at 1575 R.iMVI. The* cyliifdefs 
are of 5*75-inch bore with a stroke of 7-5 inch. The normal com-* 
pression ratio this engine is 5 : 1, and it will run continuously for 
long periods at^ brake mean pressure of 109 lb. per square inch with 

a consumption of 0-535 lb. of petrol and 0-048 lb. of oil per B.H.P. -* 

* • • 
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Fig. 170 shows an experimental R.A.E. cylinder for fixed cylinder 
air-copied engines. This consists of a thick aluminium casting with 
deep ribs and withrsteer valve,. Wts cast in position.^ A thin steel 
liner is shrunk in as shown in the photo of ‘the sectioned cylinder. 
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This proved satisfactory for a time, but contact between the liner 
and cylinder body gradually failed, resulting in overheating of the 
liner. As explaified previously, this- form of cylinder construction 
waS' subsequently abandoned in favour of one consisting of an 
aluminium cydinder head cast on to a plain ribbed steel barrel. 

In the Bristol Jupiter engine shown in fig. 171 the whole 
of the cylinder barrel and head are of steel, but a cast aluminium 
poultice containing the inlet and exhaust valve ^elbows and heavily 
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are taken to deal with tlie '/ery lieavy loading, due to the combined 
centrifugal and inertia j)re«.suij>s from the r.inemistons and rods all 
operating on a single pin. ' t . 

, One* of the greate.st difficultie.“ encountered with ‘air-cooled 
engines is tluit of dealing with the Expansion of^tlie cylinder and the 
resulting increase in the valve mofiou clearances when liot. In the 
case of the Bristol Jupiter engine tly.-i iias been dealt with most 



Fig 172. — 400 H.F. Uristol .JtipitiT Karlittl Kngmo 

effectively by means ,of a very ingenious compensating devifip 
developed by Mi*. Uaymond Morgan, llriefiy, this consists in the 
provision of a movalile fulcrum pin for the overjiead valve rockers 
which is controlled by a fixed rod attached at one end to, the crank- 
case, and at the other to a liinged cradle carrying the valve rockers. 
This control ^’od being subject to the same temperature conditions 
as the operating rods maintains the same relative length, with the 
result that as*therfiot cylinder expands it tends to draw the cradle 
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down, and so to retain the same tappet clearance at all cylinder 
temperatures. The^e control rods c^n he seen on the forward end 
of the engine (see. fig. 172). v ' • 

Thg Siddeley Jaguar shown in figs. 173 and 174 is a fourteep- 



Fig, — Siddeloy Jaguar P^ngine 


cylinder t\v’o-crank radial, and develops a normal power output of 
356 B.H.P. at a speed of 1500 R.P.M. ; the cylinders are five-inch 
bore and five-and-a-half-inch stroke. „ 

As in the case of the Bristol Jupiter this engine also has been 
developed since the Armistice, though in both cases the earlier 
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stages of development .wore jn progress dnring tlie war. The manu- 
facturers give the fuel andf oil ^consumption of this engine as 0-525 
and 0*0^ lb. per B.H.P. liour respectively, a p^oss consumption of 
0*^52 Ibf per B.H.P. hour. The weiglit of the engine alone is given 
as 710 lb. or^2-03 lb. per horse-power. The gn)ss weight wifh fuel 
anS oil for six houas’ flight (exclusive of tanks), works out at 1870 lb. 
or 5-35 lb. per horse-power. In this engine, the cylinder barrel^ 
are of^ steel as in the Jupiter, but the cylinder heads are aluminium 



castings screwed on to the steel barrels. Ignition is by higli tension 
coil and battery, and a, small dynamo is provided for charging thg 
accumulator. • • 

•The engine shown in figs. 175 and 176 was knowft during the war as 
the Siddeley Puma, and is a development of the B.H.P. engine 
designed by Messrs. Beardmore and Major Halford cf the R.A.l'’. 
It has six cylyiders each of 145 mm. bore and 190 mm. stroke with* 
a normal power output gf 240 B.H.P. at a speed of 1400 R.P.M. 
With a compr^ssiom ratio of 5 : 1 the fuel consumption is 0-5 lb. and 
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^iddoley Puma Entwine 
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the oil eonsuinptiou O iX^ lb. ]’)er liojr, ;i pn^ss mnsuniption of 

0’53 lb. per B.H.P. lionr. 'j'he weight of tho eo^^itie (oinplote with 
radiator 'iind coMing system is 781 lb. or'!! ‘25 lb(ji>\'*r horse' j)ow (‘r. 
^The gross weight with fuel ami oil for si^ hours (('.Mlusi\ o oi 





• Fiy I7() SifMflcv I’liriM I'jif/itic 

tanks) amounts to 144.3 lb. or frOl lb. ])er horse-power. TJiis engine 
is essentially a plain and straightfoiwvard ])ieee of design, sini}>fe 
alike in manuf^icturc and in handling. 

The engine showui in fig^s. J57 and 1.58, also in the sectional d]\‘nv- 
ings figs. 177 aAd 1?8, is the Napier IJon. It has tw’(‘lv(‘ cylinders 
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each of five -and -‘’a*- half -inch bore and fiv^- and -one -eighth -inch 



a plain four-throw crank. It develops 450 B.H.P. at its normal 
crankshaft speed of 2000 R.P.M. Its weight complete with radiator, 
cooling system and speed reduction gearing is only 1134 lb. or 


Fig. 17S. — Section of Napier S^on Engine 






[Vol. II., facing p. 314, 
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2*52 lb. per horse-power. Its fuel and oil oonsr.niption per B.H.P. 
hour are given as 0495 and>h022 lb. respectively.! 

JThe gross weight of the engine comptete witl^ all necessary gear 
anc^fuel and oil for six hours’ flight is 2534 lb. or 5* 03 lb. per horse- 
power. ^ ♦ • 

fn fig. 179 is shown the 350 B.H.P. Rolls-Boyce Eagle engine, a 
twelve-cylinder Vee type, having cylindtis of four-and-a-haif-inch , 
bore and six-and-a-lialf* stroke, with a normal cranksliaft speed of 
*1800 R.P.M.. This engine, w^liich was developed by Messrs. Rolls- 
Royce during the ‘war, proved to be undoubtedly the nios'*^ satis- 



^Fig. 179. — Kolia- Roy CO Kaglo 


factory and relialile engine in the hands of the Allies, and was of 
great Vijdue, not only on account of its magnificent performance, but 
perhaps even more because of its encouraging effect on the moral 
of the Allied pilots. Official records compiled in France during^ 
the war show that the average number«of hours flown by these 
engines between overhauls was 103-2, or very^ nearly double 
that of any other aero-engine* used in the •British service. This 
engine, also, is of interest because it is at. once probably thft 
most complicated and quite the most reliable engine yet built for * 
aircraft. 

Its weight compl<^te witt epicyclic speed reduction gear, radiator 
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Fig. IhO — H.P. FiaU En^nc 
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cooling system, <fec., is 1177 lb. or 3*37 lb. per horse-power. The 
fuel and oil consiAnption are given as €-50 and 0*028 lb. per B.H.P. 
hour respectively,. so that the weight complete for a six-hour flight 
is 2287 lb. or approximately 0*5 lb. per horse-power. ' ^ 

Pn fig. 180 is showft the 000 B.H.l^. Fiat twelve-cylinder., Vee 
engine, which also may be taken as a fairly typical example of the 
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t 

t} 7 )e of engine developed by the Allies during the latter phases of 
the war. In (igsi 181 and 182 are sjiown photos of the 1000 H.P. 
Napier Ci;b engine, probably the largest engine which has yet flown 
successfully. ' 

The engine shown in fig. 183 is the 500 B.H.P. Benz engine ; it 
is of particular interest because it marks the departure from the 
apparently settled German policy to adhere to the straight line six- 
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cylinder engine for inilifary purposes. During Die closing phase of 
the war, the Gerinans eviderAly began (o find thai^tlieir policy could 
not* be aiihered to in face of iiie very large (engines whic'h were 



being developed by the AllievS, and this and a few othFr si:ail«^r 
engines in course of development during lOlS ))ear evidence, 
that they contemplated paying the Allies the compliment of 
following theii*Jead. 

Aero -engines for High Altitudes.— As a broad general- 
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ization the means of retaining the power output of aero-engines 
at high altitudes^ may be divided into two groups, one in which 
the power outpatgis maintained by maintaining, or nearly main- 
taining, ground level density of the charge in the inductipu sys^m, 
and Ahe other, in which the density in the induction systepi is 
not so maintained, but the relative power output at the lower 
, densities is increased by increasing the expansion ratio and so 
getting mprc useful work f^-om a given v^eight of charge. In other 
words,, the former system aims at operating with an artificially dense ® 
atm/)sp)iere at higli altitudes, and, the other "caters fdr an artificially 
attenuated atmo^jfhere near the ground, ad?fantage being taken of 
the lower density to ertiploy a greater expansmn* ratio and to obtain 
tliereby an increase hi therrn^ii efficiency^ The former system affords 
a means of maintaining^tlie power output atf any altitude at present 
attainable,' though ^at Some cost in efficiency. Tlie latter provides 
only for a limited maintenance of power ; but, on the other hand, 
it affords a consideral^h^ gain in fuel economy. 

In addition to these two general systems there are also certain 
possible compromises between the two, which will be considered * 
later. * , 

With'jogard to the first method, that of increasing artificially the 
density in the induction system, this can best be accomplished by ' 
the use of a turbo-blower driven either mechanically from the main 
, engine, by a separate engine, or by means of an Exhaust driven turbine. 
Such a system has the advantage that the full ground level torque 
can be maintained at almost any height, for the limit is set solely 
by the mechanical strength of the engine and by capacnty for 
getting rid of the heat generated in a highly attenuated atmospliere. 

It necessitates, however, the use of a variable pitch propeller. 

It is pdssible^n blfi-ain, at high altitudes, an actual power out- 
put in ejccess of that developed at ground level, for it is, obvious 
that if the weight of air per cycle be maintained, the torque 
also will be maintained, and since the external resistance to the 
, rotat ion of the propeller diminishes, the engine will run at a higher 
speed and tlierefore devfeiop a higher power output, even after 
deducting the power required to drive the turbo- blower. Under 
such^ conditions, however, the flow of heat to the cylinder jackets, 
&'c., is increased, while the capacity of the radiator or cooling fins 
is reduced, at all events while climbing, owing to the reduced density 
of the surroimding air, and, though the Iqwer air temperature tends 
to balance this to a limited extent, it is necessary to provide a much 
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larger radiator. At first glance this system of direct supercharging 
appears to allord the simpilat and easiest solution of tlie problem, 
but on clpser examination it will be found to present many diffi- 
culfjes. • • • ^ 

In the first.place, the efficiency of the be%t tu^rbo-blowers, though 
relatively high, is actually only about 55 per cent to (50 per cent, so 
that the power absorbed by them is a considerable item, especi-* 
ally wj;ien considered in t^ms of fuel consumption. . In iJie second 
•place, such blowers, whether driven mechanically or otherwise, must 
necessarily run at a very high speed, generally from 20.000 tf' 3C,0(X) 
and this,. i«i^ itself, introduces very senous mechanical 
difficulties. 

Thirdly, it is of course ahsointel'' necessary to balance the 
pressure in the carburetter, float chamber, <fcc., and to deliver 
th^ fuel against the increased pressure; also.it isjmportant to 
guard against leakages an}^vhere in the induction system dr 
around the valve stems. This condition o.5 affairs is of •course 
not impossible of achievement, but it involves a good deal of 
added complication in the first instance, and^is very difficult to 
maintain in service. 

Fourtlily, in addition to the added weight of the bfower, its 
driving mechanism and attendant pipe-work, tliere is also the 
increased ^weight of radiator to be taken into account ; again it js 
necessary to provide an additional radiator to cool the air after • 
compression 'in*^ the turbo-blower ; and last, but not least, the 
increased stresses in the engine, both heat stresses and mechanical, 
must reduce g^dhtly the reliability of the engine itself ; for a normal 
aero-engine is not expected to develop its ground- level horse-power 
continuously, and altho^ugh it may do so under favourable condittons 
on the test bed, its margin of safety is usually, very "small, and its 
reliabilif^y generally varies about inversely as the square of the 
power output. 

While the earlier experiments with superchargirfg were /or the 
most part carried out with mechanically-driven blowers, opinion in# 
this country appears to be veering in favour of exhaust-driven 
blowers such as those shown, in figs. 184, ^ 185, •and 186, partly 
because of the many difficulties encountered in the actual mechan- 
ical drive, and partly because the exhaust-dri\^n turb?)-compressor ^ 
can the more <ireadily be adapted to meet the varying conditions 
as regards atmospheric density, since its speed is not directly 
dependent upon t&at of the main engine. So far as purely 

VOI., II. M 
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mechanical problems are concerned, it is doubtful whether it 
is easier to operate an exhaust * drivfen turbine ,at, say, 30,000 
R.P.M. in an atiAosphere of exhaust products at a temperaftire 



about 1100^-1200'' than it is to drive a clean and cool air, 
blower by suitable gearing at the same speed. The over -all 

efficiency of a combined > 
exhaust turbine and 
blower cannot very well be 
determined, but at best it 
must be low, for, on purely 
mechanickl grounds, it 
cannot operate at a very 
high temf)erature or at a 
sufficiently high sfieed, 
with the result that a 
serious proportion of the 
work done in compressing 
the air must appear as 
back pressure on the 
pistons of the main 
engine. Further, the re- 
sistance to the free flow 
of the exhaust products 
results, even at the best 
efficiencies so far attained, in the retention in the combustion 
chamber of hot residual products at a pressure Considerably in 
excess of that of the entering charge (actually the best results so 



Fig. 186. — Turbo-corapres^or for Supercharging 
^ Aircraft Engine 
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far obtained show an Incre^ised back pressure oj about 3 lbs. per 
square inch above the air-pressure). Also (he very serious prob- 
lerfl of copling the air after compression is still fi/rther aggn^vated 
byj/he 3^ition, by conduction, of some heat from the exhaust 
turbine. At ihe best of times the removal of a large anloimt 
of relatively low •temperature heat is a troublesome problem, 
involving large radiating surfaces and liierefore increased weight* 
and head resistance. Tiu? exhaust-diiven blower h(j^vever, one 
** outstanding 'advantage over •the mechanically driven, namely, that 
the variation in the hnpeller speed at different densities is, effected 
a\itomatically. W'th'Vegard to meclianical driving, the chief diffi- 
culties which arise lire those due to cvclical changes in the angular 



Fig. 180, — Kotor for Turbo-compressor for Suiiercharging Engine 


velocity of the tail eyid of the crankshaft, fron^ which the blower 
is usually driven ; to sudden changes in the* mean speed of the 
crankshaft, due to throttling dow.u or opening up suddenly ; 
and to faulty alignment, due to the blower not being built as an 
integral part of the crankcase. Most of these diffictilties prob- 
ably be overcome by the provision of ^suitable dampers, flexiblet 
couplings, &c. 

When, as in some of the l^rge German piachifies, the blower is 
driven by means of a separate engine devoted to that one task clone, 
most of the mechanical difficulties disappear, 5,nd although at first, 
sight it may *seem very cumbersome, costly, and heavy to use a 
separate engirffe, yet there us a good deal to be said in favour of it, at 
all events in the case of large installations. 
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Direct supercharging is possibly the only possible means of 
obtaining any reafly large^ increase in power at high altitudes, and, 
as such, it is extraordinarily valuable ; but, however it be applied, it is 
neither simple nor easy. For very high altitudes, it is prob^tbly (jpite 
as important to apply siipercharging to the aviator as to the engjne ; 
and when supercharging is employed, the possibility of enclosing 
both the pilot and the engine in a light pressure tight casing 
is worth .considering seriously, for bolii are equally in need of 
oxygen. . ^ 

Theje is another system of supercharging, of which the author 
is in favour, in that it involves very little Pi^dditional complication 
and is inherently automatic. This system was originally devised 
by Sir Dugald Clerk for large gas-engines. It consists in admitting 
above the piston, through ports in thc'cylmder wall, an addbional 
charge of pure air, or air and. cooled exhaust products, after 
tlie completion of the normal suction stroke, this supplementary 
charge being maintained as far as possible in a stratified layer^ 
over the piston. It may be utilized either as an inert diluent 
in order to lower the flame temperature, and so both increase 
the efficiency of the engine and reduce the heat stresses 4 or it , 
may be Used as an addition to the active working fluid, depending 
upon whether the initial charge is normal or rich. If rich, then ’ 
there is sufficient fuel available to saturate the supplementary am; 

, if normal, then the supplementary air acts merely as an inert diluent. 
Using diXi ordinary standard carburettor, this gives automatic com- 
pensation for altitude, for if the mixture is adjusted to be about 
normal at ground level, then the supplementary aii acts merely as 
a diluent, while, as the machine rises, and the mixture from the 
carburettor grows richer, more and more oi the supplementary 
charge Becom(?l^ active working fluid, so that until a height is attained 
at whiph the whole of it is consumed, the torque falls only as the 
square root of the density and not directly as the density of the 
atmosphere, wiiile the air speed with a propeller of fixed pitch 
, would remain nearly constant. By employing a cross-head type 
of piston and making use of the annular displacement of the 
piston, it becomes possible to add a supplementary charge corre- 
sponding to from 30 per cent to 35 per cent of the initial charge, 
and so to obtain a 'net increase in torque of about 35 per cent. 
The general arrangement of an experimental uniif> built on this 
principle is shown diagrammatically in fig. 187. 

The efficiency of the whole system hinges on the possibility 
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or otherwise of working wi^i a stratified charge# and of obtaining 
a smooth transition from a stratified to a* homogeneous cliarge. 

^ig. Id8 shows the calculated indicator card (a) when running 
normally without any sujfJ)lomentary 
chaige and \Wth an economical mi^'r- 
ture strength, i.e. 16:1 air/ petrol 
ratio, and (b) when running with the 
same mixture but admittuig 35 per 
'^cent supplementary air as a* diluent. 

Fig. 189 shows the iiujujator diagrams 
actually obtained ftiflfn an experi- 
mental engine, under just such con- . 
ditions, and indicates very fair agree- 
ments, the gross fuel consumption 
being exactly the same in both 
cases while the torque is increased 
by approximately 8 per cent. Figs. 

^190 and 191 are light spring in- 
dicator diagrams taken above and 
below •the piston, which show the 

. ^ 1 • j 1 • f .1 — Soction (jf l(tw^r I'nrt of 

compression and introduction ot the ( 'UmdorHhou mg Suppirmcnuiy Air- 

air supercharge. The absence of the 

“ peak when supercljarging is due to the slower burning of the 


I 

i 

i 


I 2 3 4 J 

• N9 OF EXPANSIONS • 

• • 

Fig. 188. — ^Normal Diagram shown m full Lines. Dotted Lines indicate Diagram Aeoretically 
obtainable with same Consumption of h'uel, but with Air Content increased by SuiMjrcharging* 

charge when a”* large proportion of diluent is present. Actually 
the total net gain jn effieiency, after making allowance for the 
losses due to pumping in the supplementary air, was found to be 
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approximately 8 pOr cent when the whole of the supplementary air 
was used as a diluent, while the over-all efficiency wes almost exactly 



Fig. 189. — Indicator Diagrams Normal and Supercharging 



Fig. 1904#- Light Spring Diagram from Working Cylinder when Supercharging 


the same when the maximum torque was obtained, whether with or 
without the admission of the supplementary ajr. Tn other words, 
applied to aircraft this method of supercharging by means of a 
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stratified charge, wouy give a net increase in luel economy whei 
the engine is operating at normal torque of ifbout 8 per cent, o 
alternatively it would give an increase of about 3o<^por cent in torqin 
without*gain or loss in ^.onomy. It would appear to have othei 
advantages also, for, in the first pUce, it jirobably eliminate^Josset 
due to irregufar distribution, since, if anv' one cylinder receives ar 
over-rich mixture, the result is lueT’cl^ that more of the supple- 
mentary air is carburetted, and that );articular cvlipder develops s 
greater torque, so that, unty a stage is reached when tfie whole o: 
the supplementary air is used as active working fluid, irreyulerities 
in distiibution are automatically compensated.' Again, this systen 
affords automatic ^ compensation for mixture strength at differeni 
altitudes, for, if a normal type of carburettor is used, the torque 



Fij?. 191 — Li^rht Spring' Diagram Sui)orcliarf<e Oharnl^or 

will fall only* as the, petrol flow, or as the square root of the 
density, instead of directly as the density as in a normal engine, 
since, between wide limits, the torque depends not on the density ol 
the surroimding air, tiut rather upon the flow of fuelf 

Unless a variable pitch propeller is used, it is very doubtful 
whether it is desirable to maintain the torque much higher ihan 
that which this system provides. 4 

The curves, fig. 19^, give a summary of the pc^rformance of 
a single - cylinder experimental engine® operating in the manner 
described above. • , 

The objections to this system are (1) fhe comparal^ively small 
increase in torque available, when the differen»tial area of the piston 
is utilized for supercharging, namely about 35 per cent. This, 
however, caa readily be ^increased by increasing the density of the 
air supplied tt) ihh underside of the piston, in which case, since it 
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is only the supplementary and not the main air charge which 
requires boosting, a'comparatively small pump or blower will sufi&ce ; 
(2) the additional weight incurred, which amounts lo from 10 per 
cent to 16 per cent. 



DOTTED UNES DENOTE NORK^ 

RUNNING. Tull lines denote 

SUPERCHAROINC. 


Fig. 192. — Performance Curves, Experimental Supercj^arging Engine, bore 4j in , stroke 61 in. 

The alternative method of increasing the output of aero-engines 
at high altitudes, by increasing the compression-expansion ratio, 
aims more particularly at an increase in fuel economy rather than 
in power, for the weight of charge taken into the*cylinder per cycle 
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is not increased, but, on the other hand, raore useful work is obtained 
from a given weight of air,rtitince it is expanded fiirther. This gives 
al^ increase both in power output and fuel economy, though the 
increase ny the former i^ comparatively small as compared with 
thal obtainabje by supercharging^ Ther# are, however, a*. good 
many advantages in connection wifh this system. With ordinary 
fuels, the limit of compression and expansion is set by the leiulen(‘y, 
of the fuel to detonate and ultimately to pre-ignite., Tt^is depends 
mainly upon the chemical coi^titution of the fuel, but it de])ends also, 
as has been explained, upon the maximum flame temptuature, the 
pressure of compressjon, upon the form of the combustion chamber, 
and the position of* the ignition plug therein. For a fuel of 
any given chemical constitution thft^ tendency to deUmat/d will 
becegue less as the altitude is increased, for both the temperature 
and pressure of compression will be reduced, as also the maximum 
flame temperature, which will be reduced in sympathy. It. is found 
that, while the ordinary aviation petrol will tend to detonate at any 
compression ratio in excess of about 5 : 1 at ground-level density, at 
about 12,000 feet a compression ratio of 7 : 1 may.be used wfth, at 
least, ^qual freedom from detonation. Actual experiments on a vari- 
able compression engine have proved that increasing the ratio of 
compression or expansion from 5 : 1 to 7 : 1 increases the indicated 
thermal ?,fficiency from 32 per cent to 37-5 per cent, a gain of 16-5 
per cent, which corresponds very closely indeed with the theoretiTal ^ 
figure predicted.by Tizard and Pye. The gain in power is not of tlie 
same magnitude because, for some at present inexplicable reason, 
the ** volumetric* efficiency of an engine falls as the compression is 
increased. When the compression ratio is raisSed from 5:1 to 7:1, 
the indicated mean pressure was found (in experiments on the 
variable compression engine) to rise from 141 lb. per^quare inch to 
157 lb. per square inch, a gain of only 12 per cent as compared with 
the 16-5 per cent gain in economy. Careful measurements of air 
consumption have proved that the whole of this hwfge discrepancy 
is to be accounted for .by reduced volumetric efficieficy, the air^ 
consumption per hour for this particulffr engine at 1500 K.P.M. 
being 209-5 lb. at a compression ratio of 5:1, and 190-0 lb. per 
hour when the compression ratio is raised to f : 1 . Though less than 
might be expected, this gain in torque is by no means tD be despisefl, 
all the more sq since it is obtained without any added complication.' 
When running with a ratjo of 7 : 1 the heat stresses are somewhat 
reduced, and ^IthoVigh the maximum pressure on the pistons is 
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higher, both the 'pressure and temperature, of the gases leaving 
the exhaust ‘ valves are substantially o lower — a very important 
consideration frofn the pomt of view of reliabilfty. 

The principal difficulty in the way of employing a i^cry high 
comprfsssion engine for high-altitnde work lies in operating such' an 
engine at or near ground level. * This is so seriovs a difficulty that, 
pnless some heroic means be adopted, it becomes almost impossible 
to leave the ^ound at all! There are several possible ways of 
attacking the problem. Among these are : 

(1,) By throttling when at ground level, in iirder to reduce both 
the pressure of cqnlpression and the maximipn flame temperature, 
the latter because of tha greater relative propoition of inert exhaust 
products to fresh charge, and because of the reduced density 
generally. ^ , 

(2) By holding the 'Inlet valve open during a portion of the 
compression stroke, so that while the expansion is retained, the 
compression temperature and pressure are reduced. 

(3) By adding inert exhaust products, in order both to reduce the ' 
maxinlum flame temperature and the maximum pressure. 

(4) By using a special fuel mixture at or near ground level. 

With the exception of the last named, all these methods have 

the disadvantage that they reduce the available power at or near 
ground level, even when compared with a normal engine ^having a 
^coriipression ratio of 5 : 1. ” 

The method of throttling a high compression engine at or near 
ground level may be dismissed at once as impracticable — not only 
is it dangerous, but if anything approaching a 7:1 compression 
ratio is used with ordinary aviation petrol, the power output available 
is net nearly sufficient. The curves, fig. 193, show the maximum 
indicated meafte pressure obtainable with, in this case, a somewhat 
inferior ay iation petrol detonating normally at a compression ratio 
of 4*85: 1. The compression ratio ’was gradually raised and the 
throttle closed just sufficiently to avoid detonation. It will be seen 
that at a compression ratio of 7 : 1 the available indicated mean 
pressure is only 85 lb. per ' square inch, corresponding in this case 
to a brake mean pressure of 70 lb. per square inch. This probably 
would not .nearly suffice to raise the niachine from the ground. 

' By the use of variable closing inlet valves in order to vary the 
compression ratio, somewhat better results can be^ obtained for 
various reasons, but even so, the weight of charge i^ considerably 
reduced and an extra mechanical compUcatidn is' added. The 
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method has, however, some substantial nidirect ^Ivantages, and, as 
qompared with throttling, % is njuch s^fer and j^ields a somewhat 
grater Mwer output at or near ground level. ' 

the addition of «ooled exhaust eases, detonation can be 
suppressed and the maximum pressures reduced, at the least eirpense 
in power output df any of the three metho'ls yet considered, but 
for a compression ratio of 7 ; 1 the cmantity of exhaust protlucts 
requited is so large that they have an adverse influence on the thermal 
efiflciency as well as on the power output. Also it appears essential 



Fig. 193.— Curves showing 1 M.E.P. and Compression Pressure with 
varying Corflpression and Throttling 


that they shall be thoroughly cooled before adrrii&sion to the car- 
burettors or induction system, and this in itself is sonietimes rathgr 
trbublesome. It is, however, in all proDability the best of the three 
naethods considered. Fig. Ig, Chapter II,^8hows the results of ex- 
periments on the same variable compression engine, when the same 
fuel was used and the compression gradually raised, just sufficient 
cooled exhafist pfoduct-s being admitted at each stage to check 
detonation. • It \^11 be eeen that by these means the ground-level 
power output with a compression ratio of 7 : 1 was equal to that 



332 THE INTERNAL-COMBUSTION ENGINE 

. £ 

obtained at ^ ratiO(Of 4-2:1, i.e. 125 lb. per Square inch ii 

or 110 lb. per square inch brake mean jltessure. Of the three, thi^ 

is probably the m6st^ hopeful- method. c 

By suitable treatment of the fuel, such as by the adAtion* of 
toluene, &c., detonation ^can be ‘'eliminated entirely .and the fall 
power obtained at ground level, provided that thfe engine can with- 
stand the excessive pressures involved. At first sight this might 
appear the. simplest and best method, bat on investigation dt is 
very doubtful whether it is really practicable, because to withstand 
the vcry^high maximum pressures involved b;J^ the lise of a com- 
pression ratio of 7:1 the whole of the engine^ and especially the 
reciprocating parts, must be strengthened and the weight increased 
very considerably. The use, ‘however, of a fuel of lower flame 
temperature and higher latent heat, so that neither the tempera- 
ture nor pressure is, increased appreciably, such, for example, as 
alcchol, would appear very hopeful. 



CHAPTER XII 

• j 

^ hig'H-speed heavy-duty engines for tanks 

• Although the coi\(litions applying to aaenginti for tanks are some- 
what specialized o\nAg to the peculiar naturq^ of the service required 
of them, yet, apart from ce];;tain featuiVs, the following examples may 
be taken as fairly typical of the class of large high-speed heavy-duty 
engine developed during the Waj. Unlike 'most otlier heavy trans- 
port duties, the engines for tanks were called upon to rim for ccmii- 
paratively long periods under very heavy loads, the averti^ge load 
factor when travelling across rough country being over 80 per cent 
as compared with the 35-45 per cent load factor of ordinary* motor 
lorry.engines ; again, the engines ran always at* their governed speed, 
which ranged from 1200 to 1350 K.P.M. and averaged about 1250 
'R.P.M., corresponding to a normal piston speed of 1500 ft. per 
jminute, gr about double the average piston speed of motor lorry 
engines. 

Owing to the very large amount of dust and mud imported into 
the tank by the creeping tracks, the engine was always smothered in 
dir^ or dust, and for this reason it was very desirable totally to 
enclose the crankcase and to eliminate breathers or any other form 
of ventilation. Further, they were required to use inferior fuel, and 
in many cases received only the most scant an^ unskffled attention. 

Owipg to the severe gradients which the tanks were capable of 
negotiating, the engine was frequently required to operate af an 
angle of over 35° to the horizontal, as shown in the photographs, 
figs. 194 and 195, which show a tank climbing out of a’ deep trench^ 
while fig. 196 shcfws some of the other^duties expected of a tank. 
Fifrther, it was laid down by the authorities that under no circum- 
stances should the engines sfiow smoke from the exhaijst. These 
two conditions necessitated the adoption of special measures bdth 
as regards th^ lubrication and the piston design. 

By reason* of the low priority under which tanks and their equip- 
ment were coifetructed until the very last phase of the War, only the 

3.13 
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cheapest and most ^'asily worked materials could be used. The allow- 
ance of aluminium available was so srnaE that it sufficed only for the 

\ ^ 


'T f ,, 



191 - -Vank at about Maximum Climbmp; An<'lo 



lA’g 195. — Tank Climbing with Assistanoo of Unditchm)^^ (Joar 


pistons and induction pipes, while the use of high teusile steel was 
entirely banned. 
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The standard 150 *HP. t\T>e is shown in thjp photos, figs. 107- 
^0, and 215, and in the difiwings, fig. 201. Six se])arate cylinders 



Fi>». 197 — l.W n e. 'lank Knijino, ( 'arhun'ttor Side * 

are employed*, eacl^ of 5'^ in. bore and Tj in. stroke ; the water jackets 
are arranged with large openings at the sides, which are covered^ 
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with 8crewed-on ^eet steel doors. This form of construction, in 
addition to facilitating the foundry \^ork, ajlows^ of the cylinder 
centres being brought very close together, thus reducing both che 
over-all length, which was very limited, .and the bending" moment 
on th6 crankcase, due to the two opposing couples fprmed by each 
group of three pistons ' ' 

, The cooling water is delivered to the bottom of the water jacket 
on the si(Je remote from file valves, and the outlet is arranged 
between the two sparking plug bosses on the opposite' side of the 



^ Fig. 198. — 150 H P Tank k^ngine, Kxhaiist Side 


cylinder,* the ^jecl being to ensure a rapid* circulation of water 
round the sparking plugs. , t ^ 

Provision is made in the cylinder heads for fitting compressed- 
< air starting valves, although this system of starting the engines was 
never en!plo/ed. . 

So far as the exhaust valves are concerned, thefe is nothing vefry 
special to record. •Care was taken to ensure the best possible cooling 
of these by .providing a wide seating with an ample supply of water 
all "round, and* by using a valve stem of large diameter to conduct 
the heat away. The valve is cooled by carrying the water as close 
as possible up to the head of the valve, and also by*the use of a 
valve guide of phosphor bronze, which is an excellent conductor of 



' ttli-AY Y-UU 1 Y tOK TANKS 337 

^ * • 

heat, fhere is one future, however, in oonnectjon with the exhaust 
valves which perhaps calla^for pomment—that is, they are of 3 per 
>%nt nickel steel, case-hardened all over. ^ The abject of this treat- 
ment twofold : ^ ; f ' 

* (1) Although, of course, thd bead of ilie valve does not*^einain 

• • 4 ; 



Fig. 199. — 150 11. P. Tank Engine, Flywheel End ^ 

hard, the carbonized surface resists pitting, with the result that the 
seating lasts much longer, and grinding-in is seldem necessary. 

(2) The case-hardened stem renders possible the use of a phosphor- 
bronze valve guide without risk of tearing or Seizing. ’ 

The coniY9cting-rods are mild-steel stampings of normal design. 
The only point for comipent is in the length of the rods, which are 
16 in. betweeA centres, giving an 1/r ratio of 4-26 : 1. The principal. 

VOL. 11. 68 
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reason for the employment of these long rods lies in the fact that it 
was anticipated that a four-cylinder unit of this engine would be 
required at a later date, as .indeed proved to t)e the case, and 
shorter rods which it would have been po^ible to employ'oa a six- 



'’Fig. 200. — 150 II.P. Tank Engine, Magneto End 


cylinder engine would have been a great disadvantage, in a four- 
cylinder engine, on account of the secondary disturbing forces. 

The top, half of the crankcase, or column, is an iron casting of an 
average thickness of §-in. The general design is clearly shown in 
the general arrangement drawings, fig. 201, and th^ function of 
the false top to the crankcase has already been explained in the 
chapter dealing ivith piston design, &c. Inspection doors are fitted 
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on both sides of tie column, and the construction is such that it is 
possible to remove the connecting-fodsj^&c., through the inspectioft 
doors (fig.^202J. ' e * # " ^ 

Tl^e crankshaft is nv^unted on^ sevem plain bearings ‘Carried in 


the cast-iron bed-pkte ; the bQg.nng caps are mild-sfeel stampings ; 
and the white-metal-lined “ brasses ” are located^ in the bearing caps 



t Fig. 202. — Connecting rod, Dismantling Diagram 


* in order to allow of the removal of both halves of the journal bearings, 
should this be found necessary, without disturbing either the 'bed- 
plate or the crankshaft. Fig. 203 , shows the arrangement of* the 
Ipbricatidn connections to the journal bearings, and it will be seen 
i that the oil pipe is attached directly to an extension piece cast 
integrally with the top half of the bearing brass. ‘ The extension 
piece passes through a hole drilled in the stefl be^lhing cap, thus 
serving to locate the bearing shell. This method of construction 
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has the advantage that there is less tendency f(y oil to leak round 
between the bearing shell aild it^housing^ and so insulate the brasses, 
bearjpgs thus dispose of their heat the more roiidily. 

The ^ngankshaft is a r^jild-steel forging, the j^rincipal dimensions 
of j^hich are ^iven in the table at»the end of this 
description. Owin^ to the restrictions as regards 
the length of the engine, the available a^'ca of 
bearing surface was severely limited, aud the difh- . 
culty * of providing ^ adequate bearing areas was 
still further ificreas^* by its biding necessary to 
employ material fof ilie crankshaft of very Ibv 
surface hardness having therefore very, ^^oor 
wearing properties. In apportionin^^the be^rin^ 
suriace between the dbnnecting - rod and •journal 
bearings in the original design, a highe*r Ipad ^ 
factor was allowed on the journal bearings and 
^particularly the centre bearing, since th.s iactor 
could be reduced, if found necessary, by the addi- 
tion of balance weights. ^ • 

^ The arrangement for the oil supply to the big 
ends is orthodox. 

The arrangement of expanded-in tube in the 
•crank-pin as shown did not prove altogether satis- ^ 
factory jn ser^iice, for it was found that there ^ 

was a tendency for the annular space to become choked in course 
of Jime. ’ % • 

The tube.Vas therefore discarded and replaced by the usual 
arfangement of two end plugs retained in position by a single 
through bolt. ^ \ 

The flywheel is an iron casting 26 in. in diameter, and Is bolted 
to a flawge formed solid with j;he crankshaft. A Lanchester vibra- 
tion damper is attached to the forward end of the crankshaft in 
order to damp out any torsional vibration. 

In order to allow of the engine (2)erating satisfactorily whe;^ 
tilted through large angles, the lubrication is on the “ dry base ’’ 
system ; that is to say, the^oil supply is not ctoied in the bed- 
plate, but in a separate oil tank. Three oil pumps of the vajveless 
plunger type are fitted, all three of which arJ driveif from a single 
crank-pin, which in turn is driven by the intermediate timing gear 
wheel. The gener|il arrajigement of the oil pumps and their driving 
gear is shown m fig. 204. The centre pump circulates the oil through. 
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the various bearing, and the two scavenge ptftnps collect ai 

the used oil to the external oil tank. l!ach oi the scavenge pumnj 
is connected up to yne of the small oil sumps which are p|ovffle(fat 
each end *of the bedplai^. The lubrication pipework is. sliow^j in 
fig. 20%y which also illustrates th^ oil relief valve at thp flywheel end 
of the main oil lead. In the original design, <he scavenge pump 
suction pipes were arranged externally on the grounds of accessibility 
of the pipQ joints, but in the Mark V Tarries, in which these engines 
^ were principally used, the joints were n§>t accessible when the engine 





' Fig. 204. — Oil Pump Arrangement 


« * . . 

was mounted in position. Later engines were therefore fitted with 

the suction pipefts inside the bedplate, 

^ Owing to restriction in wddth, it was necessary to place all the 
auxiliaries at the ends of the engine. The auxiliaries to be provided 
for were as follow?. : Two magnetos, three oil pumps, two governors, 
waterjcirculating pump, and air-pressure pump. The arrangement 
of The various ‘auxiliary drives wrill be seen from the illustration, and 
feg. 206 shows these diagrammatically. In the original design two 
governors were provided, one to limit th^ max^um* speed of the 
^ engine, and the other to open the carburettor throttles directly the 
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engine speed fell below 400 R.P.M., The o\]e6t of the second 
governor was to prevent iiitcid^tal stoppage of the engine. It was, 
N}vw®ver, found to 6e unnecessary, and only the high-speed governor 
was retained. ' * 


■lA'HMlI 


Fig, 205. — Oil Pipe Arrangeraont 
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» 

Fig. 206. — Auxiliary Drive Diagram 


I I A \0.lood governor ot end , 

\ ^ Lubncofing oil \ ^ » ’ 

I 1 preswrepurmj^ Wtoferpump 


irankshofr pinion 


Fig. 207 shows the arrai/gement of the*water-pump^drive. The 
pumps were designed and made by the Pulsometer Engineering -Co., 
and their pefformance is shown in the curve, fig. 208. 

The intermediate timing gear wheel is mounted on ball bearings 
carried in a csist-iron spider bolted up to the front wall of the column 





THE INTERNAL-COMBUSTION ENGINE 


a form of coHstmctJon which facilitates the correct meshing of the 
* timing gear. All three oil pumps ai^ driven by a small disc crank . 
keyed to the hub of the intennediate wheel. . 



* Fig. 30l. — Water Pump Drive Arrangement 

' ■ . ! • 

Fig. 209 shows the general arrangement of the governor ; it iS a 
miniature of* that usdii by Messrs. Mirrlees, Bickerton & Day, Ltd., 
for ^heir large Diesel engines. 



Fig. 2081— Performance Curves of Wator circulating Pump 

• c 

Two 55-rnn\, verticd Zenith carburettors are fitted, the whole of 
* the air supply to which is taken from the chambers suirounding the 
cross-head guides ; the method of warming the air sijpply to the 
carburettors has already been described in cdnnectiSn wdth the piston 
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construction. A hand-adjusted cold-air valve is^^tted between the 
• two carburettors for use iti ^ry Jiot weather. 

engines were required to pass, the following tests before 
acceptaftc? : ^ 

h) A full-load test of two hoiftsi duratiofi, during-whicli the^ower 



Fig. 2(|^.— Vertical Governor Arrangement 


must not fall below 150 B.H.P. at 1200 R.P.M. Inuring this test the 
fuel and oil consumption was^ot to exceed 0-7 pint (petrol) and 0-02 
pint (oil) per B.H.P. hour. 

(2) The at)ove test to be followed by a run of ten minutes at 1600 
R.P.M. and ^^ot less than 150 B.H.P. 

(3) Governor t^sts. 
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• * • 

(4) A low-spee^ torque test, when each engine was required to 
develop not less than 55 B.H.P. at 4p0 BiP.M. 

(5) The first egtigine by*each maker and thereafler one in^ex^fy 


^kerManpre^ra 


J 7,. -K)0 600 800 1000 1200 1400 1600 

'' “ Revolutions per minute 

* % « 

Fig. 210. — Performance Curves, 150 H.P. Engine • 

• 

fifty, ^as selected by the Inspector, were submitted to the follomng 
additional tests •. 

(a) A continuous full-load run of fifty hours, during which the 



400 600 KXX) 1200 MOO WOO . 

Revolutions per minute 


Fig. 211. — Afechanic^l Efficiency and Friction Losses, 160 H.P. Engir 

condit'ions as powes, fuel and oil consumption were identical with 
those of the ordinary two-hour full-load test (1). ^ 

(6) A tilting test, the engine to be mounted on a tiling table and 
tilted through an angle of 35° first in one ’direction a«id then in the 
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other. ^Tien tilted at this ^gle the engine wasjrequired to be run 



'ig. 212. — Mechftnical Ix)88 Curves, 150 H.P. Kngme* 


for ten minutes at about 400 R.P.M. and no load ; after this period 
’the throstle was to bj thrown wide open, when the engine mu«t. nnep*! 



Revolutions per minute 

Fig. 213. — Efficiency Curvea, 160 H.P. Engine 


up firing regularly on all six cylinders without showing any smoke 
and without Any oil leaking out of the base chamber (see fig. 229). 
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The useful life pt a fighting tank was at first so short* that an 
endurance between overhauls of IQp heairs was considered ample, ^ 
but, as might be ejected, tlje engines in actual practice were caj^ed* 
upon fcTf an endurance of very much more th^n the 100 hoursToriginally 
specified, and atJeast fout instancy^ were reported of engines having 
run 1400 hours at full speed without requiring or cecei^ng any over- 
haul beyond the ordinary routine adjustments. Moreover, being 



. electric generators for supplying light and power to large camps, 
field woi^cshops, &c., in which service their .hours of running were 
hhturally very much longer.* • • 

The preceding c-mves (figs. 210-213) give in full the average per- 
formance of these engines. Fig. 210 shows the indicated and brake 
horae-power, sjso the ‘brake mean pressure developed at speeds 
^ ranging from 400 R.P.M. up to 1600 R.P.M. The brakq horse-power 
and torque curves are the mean of a large number of J;ests carried 
out by the different engine-makers, and may be taken m fair average 
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results. *Pig. 214 shows the results obtained fron]( a particularly good 
v^example after the conclu^on of Jts 60-hour full-power, list. Fig. 212 
sh^j^ the mechanical Ipsses, which w^re determined in detail and 
with considerable accuracy by means of a swinging field dynamometer, 
engines on completion of theit official fifll-power run were uiotored 
for a short period«to' determine .their mechanidhl efficiency, and the 



Fig. 215. — Sectional Model of 150 H.P. Enging 


total mechanical losses were found to^^ree very closely with the stfm 
of the several detail losses shown in the above c^^rve. Further, in a 
few instances, tests for mechanical efficiency were carried out by the 
method employed by Morse, of cutting out* one cyjincfer a? a^time 
while the e^jigine is running on full load. These tests also showed'" 
very close agreement. All the test sheets show that the mechanical 
efihciency, a^arrived at by the motoring test, was remarkably uniform 
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• 

over a wide range cj[ engines, a variation of 1 per cent in the mechani- 
cal efficiency j&gure being very exceptioaal. 

Fig. 213 shows .the therrnal efficiency and the efficiency relarivp to 
the air ‘Standard ; two efficiency curves are shown — (1) baSed on the 
fuel burnt, and (2) based 'on the fudi supplied. The efficiency based 
on the fuel supplied'is calculated directly from the known fuel con- 



• ^ * S.H.P teoo Rpn. * *' 

^ , c Fig. 216. — Tlm)tt49 Curve, 150 H.P. Engine % 

%* * * 

^ sumption. The efficiency based on the fuel burnt is arrived at by 
calculating back from the mean pressure agtually obtained in the 
cj^linder, and the difference ^between these two curves represents 
the loss due to imperfect carburation and distribution. 

Fig. 214 shows the power and con^mption at full throttle and 
varying engine ^speeds.* • 

• • Fig. 216 shows the fuel consumption at varying loads ^hen running 

on the governor at speeds ranging between 1200 and 13^)0 R.P.M. 

Fig. 217 shows in detail the cam formation and vaAve timing. 
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OlSPLACtMENT CURVE 



ACCELERATION CURVE 



120 100 80 60 


20 

CrontuhoO deartet 

•kcvlwTirtoni end vtlocmN maofurvd at com boMd ipeed of 1200 RPM 


80 foo 120 w eo • 


Fig, 217. — Cam Details » 

• • 

The following table taken from a sample te«t-8heet^gives the h^at 
distribution ! — 
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« * «! ♦ 

Ca^bration Test, 150 H.P. Tank Engine ° 

* , Duration of test. — Ten hoih*8. 

Euel. — Shell, spirit (specific gravity 0*725). « ,, 

' ^ ( Lf wer heating value of fuel, 18,600 B.TtuU.s peP Ik 

^ , Air stan^Iard efficiency. — 44*4 %. 

' Mechanical efficiQncy.— 87 %■ . 


Mean Results Last Eight Hours of Test. 


Brake ‘^hor.se-po wer 

. . . 162-9 

Fiiel (Ib./b.h.p.-hour) . . . . . <* . 

0-554 

Bralid thermal efficiency . . . . . * ' . . 

24-7% 

Indicated horse-power . . . . . . . 

187-0 

Indicated thermal efficiency 

28-4% 

Relative efficiency (per cent of air standard) 

64-0% 

Heat loss to jackets (B.Th.U.s per hour) . . , . . 

. . 418,000 

Heat to indicated work 

, ■ 28-4 % 

Heat to coohng water .. .. -.. 

24-9% 

Heat to exhaust, radiation, etc. 

46-7% 



Fig. 218. — Interior of Marly V Two star Tank 

. * Fig. 218 shows the installation of the engine in the Mark V two- 
star tank, while fig. 219 gives an exterior view. (In this model the 
larger 225 H.P. engine was used.) 
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Fig. 210 ~Xo. lOtif Mark V 'J'wo-star funk • • 

The leading dimensions of these engine'^ and general data are 
jiven in the following tables : — • * 


•dumber and arrangcMiiont of cylinders . . 

^orei 

)trokc 

)troke/bore ratio 

Irea of one piston 

?otal piston area of engine 

>wept vyljime of Qne cylinder 

^otal swept voluftie of engine 

^ oliime of (;learanee s[)ace 

®fhpression ratio 

^^grmal b.li.p. and speed 

^iston speed 

ndicated mean pressuri^ 

lechanical efficiency 

5ral^ ^an pressure 

i’uel consumption 

kake thermal efficiency . t 

ndicated^therrnal efficiency 

Lir standard efficiency 

Relative efficiency •. 


Six, vertical, separate. 

5-025 im 
7-r)00 in. 

1*323 : 1. 

24*85 sq. in. 

1 10*10 sq. in. 

180*40 cu. in. 

1118*40 cu. in. 

55*90 cu. in. 

4*31:1. ^ 

105 b.h.p. at 12(K) r.p.m. 

1500 ft./min. (25*0 ft./soc.). 

110*0 lb. 8q,in. (18^^ i.h.p.).* 

88 %. . • • ’ 

, 97*3 lb. sq. in. * , ^ 

0*030 j)int/b.li.p.hr.*(s.g. 0-7'^). 
0*580 lb./b.li.j)^hr. (18,000 

Jl.T.U./lb. 

23*0%. 

V8%. 

44-10%. , 

02*0 %• (fuel burnt). 

60*4 % (^uel supplied)? 


. ^ Gas Velocity, Valve Areas, etc. 

Gas Velocity (Jt. per ^c .) — 

Choke tube^ 353*0. 

vol.il 
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Carburettor body ^ 

168 - 8 . . ® 

Vertical induction pipe 

165 ^?. 

Induction manifdld « 

156*3. 

Inlef port .' 

109*6. • 

Inlet valve . 

168*a 130*8 (<.), ! 

E^ltaust valve ' 

148*26. 

Exhaust port ! . 

.c 140*3 • c 

Exhaust branch pipes 

140*3. 

Exhaust manifold 

126-6. 

Cross Sectioml Area {so. in.) — 

Choice tube 

1*760. 

Carburettor body 

3*680. , 

Verticil induction pipe 

;5-760. 

Induction manifold 

3*976. 

Inlet port ^ 

5*672. 

Inlet valve ; 

3-61'0 (('). 4-750 ((). 

Exhaust valve 7 

4*190. 

Exhaust port ' 

4*430. 

Exhaust branch pipes 

4*430. 

, Exhaust manifold 

4*910. 

Diamet^ (in.) — 

Choke tube ^ 

1*496 in. (38 mm.)r. 

Carburettor bod^^ 

2*165 in. (55 mm.). 

Vertical induction pip?* 

2*1875 in. 

Inductiprk maTlifold 

2*250 in. 

Inlet port 

2-6875 1)1. 

Exhaust port 

2*375 in. 

Exhaust branch pipes 

2*375 in. 

Bxhaust manifold 

2-500 111. ’ 

WeTght of piston, complete with rings and 

gudgeon-pin, etc 

7*25 11). 

Weiglil per sq. in, p'ston area 

0*292 lb. 

Weight of connecting-rod, complete with 

bearings, etc 

10*70 lb. 

Total reciprocaj^ifg weight per cylinder . . 

10-82 lb. 

^ • 

Weight pef sq. in. pistcyi area 

0*435 lb.* 

Length of cqpnecting-rod 

16*00 in. 

Rati(f connectiiig-rod/crank throw 

• 4*27:1. 

Inertia pressure, to^ centre 

82*2 Ib./sq. in. piston ari„. 

Inertia pressure, bottom centre 

51*0 Ib./sq. in. piston area 

Inertia pressure* mean 

33*3 lb /sq. in. piston area. 

Weight of rotating mass of connec*mg-rod 

7*13 lb. • • 

Total centrifugal pres^re 

1094 lb. 

Centrifugal pressure, lb. per sq. in. piston 


area 

44*4 Ib./sq. in. 

Mean average fluid pressure, including 


compression 43-0 Ib./sq. in. 

Total loading from all sources, Ib./sq. in. 

piston area 109*6 Ib./sq. in. 
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4)iaineter crank-pin 2’875 in. | • 

Rubbing velocity . 16 04 ft./sec.’ ,' 

'Width of big-end baring' . 2-86 in. (effective). 

Proj^^fed ar^a of big-end bearing 6-47 sq. in. (e'ffective). 

Ratio piston area/projected aretbof big-end * 

^ bearing • 3*84:1. 

Mean average pressure •n big-end bearing * 42L Ib./aq. in! 

Load factor on big-end bearing 6330 lb. ft./sec. 

Inlet Valve {one per cylinder ) — ^ 

Outside diameter .* 2*875 in. 

“ . Port diameter 2*6875 in. 

• Width of searing . . . ^ 0*0937 in. 

^ Angl^ of seating . . ^ .* 45°. • 

Radius under valve iiead 1*9375 in. 

Diameter of valve stem 0*4991) •!«. in guide ; 0*4985 ift. 

• , below* guide. 

Lift of valve (total) ..!...! ^ 0*56^ in. 

Life of valve (effective) ^ 0*43'?!) in^ 

Length of valve guide 4*375 in. 

Clearance, valve atom in guide 0*0005 ii^. • 

^ Over-all length of valve 8*375 in. 

No. of spriii^ ])er valve Two. * , 

Free length of spring (a) 5*875 in. (/)) 6*8125 in. * 

Length of spring in position, no lift (a) 4*000 in.* ( 6 ) 3*8126 in. 

* Mean diameter of coils (a) 1*703 in. {h) l*f 20 ii., 

, ^ Gauge of wire (a) No. 6 B.W.G., 0*203 in. diam. 

( 6 ) No. 11 B.W.G., 0*120 in. diam. 

Valve toppet clearance, cold 0*002 in. , 

^ ^ * [ Valve bare, 0*8120^1b. 

Weight * 0 ! wilve, complete with 1*6234 lb. I Two springs, 0*671 8fl). 
spring, etc. j Spring cap, etc., 

’ I % lb. 

Weight of ajfring, bare 0*6718 lb. per pair. 

T 1 . 1 /] r Valve leaves seat 29° early. 

Inlet valve opens (deg. on crank) ... i ,, , ^ 

^ \ Valve opens ^° late.* ^ 

T I . 1 1 /] * f Valve closes ?^° late. 

Inlet valve closes (deg. on crank) ... I ,, , , • , 

^ ® ' \ Valve back on seat 59° 4te, 

Mat^al for valve .*'... 3% nickel steel stamping, ^ase- 

hardened. 

Exhaust Valve {one per cylinder ) — 

Outside diameter » 2*6875 in. 

•Port diameter . . .* ?*575 in. 

•Width of seating 0*156 in. 

Angle of seating • 45°. * 

Radius under valve head 0*875 in.^ 

Diameter of valve stem 0*5596 in. in guide ; 0*5476 in^ 

• • below guide. 

Lift of valv^ ^ 0*5625 in. 

Length of vaWe guide ’ 7*125 in. (effective). 

Clearance, valve stem in cruide 0*003 in. 
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Over-all leijgth oif valve 

No. of springs per valve 

Free length of sj^ring 

Length of spring in position, ho lift. . 
Mean diamefer of coils . ^ 

Oauge of wire 

Valve tappet clearance, cold 


12-8126 in. 

' (a) 5-876 in.* (b) S-8125in. 

(a) 4-000 in. (6) 3-8125 ip. 
(a)h703in. (6)M20inr ' 

f (a) No. 6 B.W.G., 0-203 in. diam! 
c\{b) No. 11 B.W.G., Cf-120 in. diani.'^ 
0-010 in. 


Weigh li, of Valve, complete with 
spring, etc 

t n 

Weight of spring, h)ire 

Exhaust valve opens, degrees on crank 
Exhaust valve closes^ degrees on crank 
Material for valye 


^ r Valve bare, 1-281 lb. 
2-0to4 11). I Two springs, 0-6718 lb. 

' I Spring cap, etc,, 

, I * 0-1406 lb. 


O-OlflS ])er^pair. o 

63° early. ■' , 

9° late. 

3% nickel steel stamping, case- 
* hardened. 


Connectimj-rodj- ^ 

Length*between centres 

, Ratio connecting-rod/crank throw . . 
» L\ttle-end bearing, type 

Little-end beahng, diameter 

Little-end bearing, length 

Little-<epd bearing, projected area . . . 

Big-end bearing, type 

Big-end bearing, diameter 

Big-end bearing, length 

hLig-end bearing, projected area .... 
Ratio piston area/projected area of 

big-end bearing 

Number of bigiend bolts 

Full diameter 

Diameter at bottom of threads 

Total crqgs'-sectional area at bottom 

of threads . ,.. 

Total Ipad on bolts, at 1200 r.p.m. . . 

’ Total load on bolts, at 1600 r.p.m. . . 

Stress per sq. in., at 1200 r.p.m 

Stress per sq. in., at 1600 r.p.m 

firankshafl — 

Length of complete shaft 

Cylinder centre^ 

Cylinder centres (centiv j)air) 

Outside' diameter of c^rank-pin 

Inside diameter of crank-pin 

Length of crank-pin 

Outside diameter of journals 

Inside diameter of journals 


16-00 in. 

4-27:1. 

Chilled phosphor-bronze bush fixed im 
rod. mm 

1-250 in. 

1- 625 in. 

2- 032 sq. in. 

Bronze shell, lined white metal. 

2-875 in. 

2- 6875 in. 

6- 47 sq. ‘in. (effective). 

rm 

3- 84 : 1. 

Four. , ^ 

0-500 in. 

0-4375 in. 

0- 602 sq. in. 

2659 lb. 

'4795 lb. 

4490 Ib./sq. in. 

7965 Ib./sq. in. 

66-00 in. 

7- 250 in. 

. 8-000 in. 

2-875 in. 

1- 4375 in. 

2- 760 in. 

2-875 in. 

Solid. 
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# 

[iCngth, flywheel-end bearing | 

Length, forward -end bearing. . . . ^ . 

Length, centre Ibearing 

[length, ^intermediate bearing 

i^idth cff crank webs • ^ . 

Thickness of jcrank webs ? 

Radfus at ends of Journal and cr?nk- 

pins 

Diameter of drilled oil-waj^s in shaft 
iV^jight of complete shaft 

yiatftrial . 
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kOOO in. 

2-875 in. 

2-^75 in. 

2- 125 in. ^ 

3- 5(D in. 

MHThin.^ 

0250 in. 

^250 in. 

182 lb., includes tli rust •race jiinion, 
starting clutcli, nuts, . tc. (no 
balance weigliks). 

Mild -steel forjjiyg. 


It will be interesting ^nd perhapsMielpful to review the defects 
which revealed theinselt^es in these egigines.* With over 400tl engines 
ill service it is possible to discriiuiiiate between rner^ accidents and 
epidemic troubles. * . 

^ Combustion Chamber.— The design of the combustion vhambel*, 
though exceliafi't from the point of view of turbulence, and therefore 
of power output and efficiency, proved, as in tlu^ light of jfresent 
Jcnowledge might have been expected, rather f)ad from the point of 
view of detonation, despite the comparatively low comprCsJiion ratio. 
Originally it was intended to operate the tanks only on aero-spirit,^ 
but latei>they were required to use the lowest grade of war spirit— 
an American fuql consisting almost entirely of the heavier fractions 0 ^ 
the paraffmT series. With this fuel detonation became severe \^n 
thA engines were pulled down to a low speed with wide-open thrgttle. 

Pistons. •^The first few engines were fitted with sand-cast pistons 
in *88 per cent aluminium and 12 per cent copper alloy. These 
castings sometimes gave trouble owing to porosity of ^he metal at 
the point where the hollow trunk joins the head. ot the pistorf. Many 
pistons^^were rejected on thia^ score,* but a number in whicl^ ihe 
porosity did not appear on the surface and therefore was not detected ^ 
by inspection were fitted to engines, and some of these broke away 
at this point, but since the connecting^r^d was not released by sueb 
failures little or no further damage resulted therefrom. This defect 
was remedied completely by employing pistons ca%t in metal dies in 
all subsequent engines. * • • 

Cross-head Guides. — These were at firs*t made^f bronze Iftied 
with white metal, and proved quite satisfactory. Owing to the 
scarcity, or apUeged scarcity, of bronze, the use of this material was 
eventually forbidden by the authorities, and cast iron was therefore. 
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• * O ^ 

substituted.* t l^he^ cast-iron guides gave a feood deal of' trouble* 
owing to dis^rtion after machining, aJid to meetcthis, since there^' 
was no time for Ageing ” or annealing, it became necessary to^/Jow 
rather a large' working ({learance, which- gave rise to noise, ^^ter 
the s&ne copper -aluminium ajlby used for the pistons was em- 
ployed also for the guides, and thi§ proved extremely satisfactory — 
‘quite equal to the white-metal-lined guides, as regards wear, and 
better in ,so far as, since the clearance in(3reased with temperature, 
it was .^^afe to work with a very close fit.^ ‘ 

Exhaust Pipes. — The exhaust manifolds and pipes radiated feo 
much h^at that it \^as' found necessary, for the comfort of the tank 
crew, to jacket them, with an air jacket through which a circulation 
of cold air was induced by mqans of a fan driven from the engine. 

Crankshafts. — Owilig in part to the small bearing area neces- 
sitated by the limits on the over-all length of the engine, and in part 
to- the use of dead soft steel, the wear in the journals, and in par- 
ticular the centre joutnal, was rather severe. So far as the actual,, 
fighting tanks were conceined, this was of little conseqw.ence, ^because 
the crankshaft easily outlasted the rest of the machine ; but in the 
case of the tanks used for training, which ran all day and every^ day, , 
and of elfectric-generating sets, this wear became troublesome, for it 
was generally necessary to regrind the crankshaft and fit new 
bearings after. from 500 to 700 hours’ running at full speed and 8C 
per VJent load factor. It was therefore decided to fit balanc-e weights 
on all engines destined for other than fighting tanks, a procedure 
which reduced the rate of wear to less than one-third, but which,, by 
lowering the natural periodic speed of the shaft and by increasing 
the intensity of the oscillations, threw a heavy duty on the torsional 
vibration dafrtper. r 

‘Apai*t from wear, the soft mild-steel crankshafts were very 
rekajble irideed, and, out of o\er 4000 engines, no single instance of 
broken cranlcshaft was reported. 

Vibration Dampers.— These were at first identical with those 
lotted to the Daimler engines. So long as the crankshafts were un- 
balanced, the duty on these dampers was very light indeed, and they 
gave no trouble. "But ^o soon as balance weights were fitted and the 
dampers were called upon to function, the thin plates used in them 
sooti cut away through the castellations and the damper wore out 
completely in about 60 hours’ running. As the result of this <8x- 
perience the dampers were re-designed by Messrs^ Gardner & Sons ; 
ctwo thick cast-iron plates with good substantial castellated bosses 
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being ptted in place, ot tlie rest ot tp'n steel plates j .these proved 
^rfectly satisfactory, liiw w^r, even after 1200/iour8’ running 
wi^^balance weights, being reported as 'almost negligible. 

^tlbfication System. — As explained previously — two 
scavenging pumps exhausted fhe oil, ofle from either en^ of the 
necessarily very shallow crankcase', and delivered it to a filter tank 
placed some 3 feet above the level of the crankshaft. A third 
force pump drew oil' from the lilter t^ik and deli\ored it to all the* 
craifkshaft bearing^?. All tliree pumps were operated f Am a single 
crank at the^oiwar^cnd ?)f tl\e engine, and had the saipe ^stroke ; i 
.but the scavenging j)umps were of slightly larger bore, ai)4 so could 
exhaust more rapidly than the force pupij) could deliver. It was 
found, however, that under certain conditrons when the forward 
P 9 ,rt of the engine \vfis tilted up at* the. extreme angle the suctiorf 
•pump drawing from the after end ^iled te keep pa(;e, j^ith the result 
that oil gradually accumulated in the after end of Ihe wankcase till 
it eventually ran out of the flywheel bearing. This was fpund to»be 
due to the fact that while the force piynp had a positive •head of 
about* 3 fe^ in its favour the scavenge jflimp had, under extreme 
coiiditions, a suction head of about 3 feet, while the length of suction 
pipe of about 5 feet was subject to a pulsating fl^w. • Under these 
conditions the volumetric efficiency of the force pump exceeded th^V 
of the .scavenge pump by more than the difference in volumetric 
capacitj)^. Tins difficulty was cured completely by the prgvisioff 
of an* afr ve8*sel on the suction side of the scavenge pump^h^ 
maintaining a^ uniform flow in the suction pipe. 

^ Again, was found that, when the engine stuped in a certain- 
position, oil could leak back from the filter tank through the bearings 
into the crankcase, sufficient in time to flood ijie latt^. This 
occurred only wheif the machine was left staling for scjveraUdays 
in.vejiy hot weather. To obviate this defect a cock wa^ fitted m the 
oil pipe leading to the force pump, and, in order to render it im^ossibio 
to start the engine with the oil supply cut off, this cock was combine^ 
with the magneto earthing switch. • • 

• Apftrt from •these two minor diflTcTilties, which were easily of er- 
tome, the lubrication system worked well; and although the scavenge 
pumps were considerably ^bove the highest oil level, and under 
norfual conditions their suction inlets al^ were. above, yel; they 
^lever failed to pick up the oil at once so soon as the engine watf 
tilted and^ne qr other of the suction inlets was drowned. 

Valve Spring Caps. — In order to economize mac h i n i n g opera- 
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Fig. ^20 


tions the valv^ spr^g caps were pressed out frbm sheet ste^l, and 
with a view toXrei^orcing the conica] portion and prevent any risfi: 

of its toeing drawn ovpr the taper wedgi^a 
steel wire ring was embodied in the ^r&ssmg, 
as shown in fig. 220. In practice the^ 
pressed spring, caps used to fail after a period 
ranging from 200 to 600 hours, the failure 
invariably occurring at the junction between 
the conical portion and the- flat retaining face, 
as shown. Tfie failure .^yas du^ in part to 
fatigue and in part to tlje fact that, in spite 
of aU precautions, the pressing was generally 
sharply nicked at tjiis point. Though no 
doubt with a little more care in manufacture 

C 

satisfactory pressings could h^ve been made, 
it was decided, in view of the urgency, to 
employ spring caps turned from steel bar, 
which* proved quite satisfactory. ^ ^ 

Valve Gear.— With 5, view to eliminating noise and wear in the 
valve gear the base cirde of the cams was ground slightly eccentric 
in order to permit of a large working clearance at the time when it 
was essential that the valves should be closed, and gradually to take 
up this clearance preparatory to opening. This method is very 
batisfagtory as a rule, but it is liable to abuse. In practice it was at 
Itfsb^Jound very difficult to prevent the mechanics im chS'rge from 
adjusting the clearance regardless of the position of the cam, with 
the result that tto valves were lifted slightly from theh? seats long 
before the correct opening period. So far as the inlet valves wer^ 
concerned no tiouble arose, but a few cases of burnt-out exhaust 
valveb were found tp be due to this cause. ' The difficulty was 
eventually, overcome by the issue of very full instructions fej the 
adjustment of Valve clearances and by rigorous inspection. Once the 
Qorrect adjustment was fully understood, trouble with valves became 
almost unknown, and there is little doubt but that the immunity 
from trouble and the quiet ruim'mg obtained were largely due^^ to tho 
use of cams with eceentric base circles. Apart from these troubles,' 
of which all but the tendency to detoilate and the heat radiated 
from vthe exhaus^t were quickly and easily overcome, these engines 
behaved very well. The system of hermetically sealing the cranky 
case and drawing all the air through the false tup proved most 
effective in keeping the crankcase cool and the working ‘parts clean. 
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The- cro^-head type 'pistons proved thoroughly! effective both, in 
.^liftiinating the usual tf6iililes,with large aluminiu/ pistons, in 
presenting smoke, and in yielding a very*liigh me(;fianical efficiency. 

mtlf tile steady growt^ in size and arnmnienlbof t^nksjt became 
neceSsary to .provide still farger* engines, hnd anotlier six-cyjinder 
en^e of the Same*general typc^bifl embodying all tlie experfence 
gained with the 150 ILP. enghie was next designed .and produced. 
This engine is shown in the drawings ^nd photos figs. 221, 222, 
t 223, 224, 225. Altiough abouj. 800 of these engines \^ere com- 
pleted, yet owing to delays *in tank production none of i (jeln saw 
anj^ active fighting. / Sufficient experience was, however, gaiged both 


A • 



Fig 221. — 225 H.P. Engino, Carburettor Side ^ 

on the test-bed and •subsequently in tanks to^prov^thgt th«i 
largej engines were a very great improvement over the easier type 
Bated normally at 225 they had a bore and f?troke of 

and 7^" respectively and developed 260 B.H.P. at 1200 R.P.M. 

In order to obviat^ the defects of the 150 II. P. •engines the 
folk)wing*modifications were made : - ^ * * 

•The combustion chamber was made in the ft^rm of a compact 
rectangular chamber with tlfe ignition plugs placed as nearly as 
possible in the centre, as shown in fig. 225. This resulted m complete 
i mymnit y frqpi detonation under all conditions, so much so that 
the engines gould J^e loaded down to two or three hundred R.P.M. 
with wide-ope*i throttle without the least trace of detonation even 
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on the lowo^t grade of American petrol, and this despite^ the fact 
that the cylinders were larger and cthe compression ratio as high" aa. 
in the 150 H.P. engines. . 

The valves were duplicated and placed horizontally with the 
inleta.on one side and the exhauft on the other. This arrangenient 



Fig 222. — 225 H.P. J^ngine, Flywheel End 

t 

‘of valves permitted of the eAhaiist ports being turned up 'vertically 
30 that short straight exhaust pipes could be taken direct through 
the roof of the tank id a manifold fitted outside. Thus the length 
of exhaust pipe inside the tank was reduced to the very minimum, 
while all bends, &c., were avoided. The inlet valves were fitte^ in 
separate cages which could easily be removed ^yitho^it disturbing 
any of the pipe work, and the exhaust valves could then be 
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withdrawn thftough^.the openings left by the ‘removal of the inlet 
valves, V , ^ 

Die-cast pistons were used from the very start, and no ijiigle 
instance of piston fililure was ever reported. There being no rjgid 
restriptions as regards length, nK^re liberal bearing surfaces coirid 



Fjg. 224. — 225 H.P. Engine, mounted for Tilting Test 


be and were provided, particularly as regards the crankshaft centre 
bearing. Balan^^e weights and Messrs. Gardner’s revised design of 
' totsional vibration damper were fitted in all cases. , c 

The crankshafts were made from 0-35 carbon csteel,t?and under 
these circumstances proved practically immune from'" wear. The 
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other defectsfr whidh manifested themselves m the first baj^ches of 
160 H.P. engin^^ were, of course, obviatefi by adopting the e^)edienti^, 
explained above, r \ ^ . 

Although these darger engines never 8%w actual fight^ig'^d^vice, 
yet thgy were submitted ^co very severe tests both in tanks an& pn 
the test-bed, the latter includ&igc full -power' luns of 200 hours* 
duration. As may be supposed, with*the experience of the smaller 
engines available before th^#design was commenced, these engines 
were an Improvement on the 15 Q H.P. type in almost dvery 
respec^V ,A very large number of ^henf hav^^since been converted 
to run or^gas, and ari now in use in electric-powef^stations in various 
parts of the country. TJnfortunately, howevef, ‘their compression 
ratio is too low for efficient running on town or producer gas. 

• • * • 

• • c. 

The aulhfhr desirei to thank the ^rcyprieloh of **The Automobile Enf^neer^' and Messrs, If, 
Gardner (k Son, a f(ft DCfmis.von^o use several of th&dltistrations in this volume. 
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* 4 biochemistry, Univeriity, Colleg(? of Wales, Aberystwyth. A companion 
book to Sudborough’s edition ot Bernthsen’s Oro<inn' Crown 

^ 8\o, with 92 figures, including 16 in luill-tone. Ss. net. * 

SYSTEMATIC INORGANIC CHEMISTRY. From the SlantT- 

point of the Periodic Law. l!y R. M. Cavkk, D.Sc.(Lond.),* 

Ibofe*.sor ol' Inorganic raid Analytical Chemistry, in the IJoyal 
'rechnical College, Glasgow, and G. I). Laxdkk, I). Sc. (St. And.#and 
Lond.), hM.C. Large crown 8vo. xviii -j- 4O0 pp. 08. net. * 

SYSTEMATIC QUALITATIVE ANALYSIS. 4 or student* of 

•Inorganic Chemistry. By R. M. Cavfn, I).Sc.(Lond.b F.l.C. fi^Lew 
Edition, revised (1924). Large crown 8vo. xii -}- 244 pp. 58. net. 

^UANTITA.'rtVE CHEMICAL ANALYSIS afid 'inorgaiyc 

Preparations. By R. M. Caven, D. Sc. (Lond.); h^I.C. In T\?u Parts 

* P«rt I : Preparation of Ingcganic Salts, and Simple El^eicisfs jn 
Gravimetric and Volumetric Analysis. Crown 8vo. 164 pp. witl • 
15 figures. 38. 6d. net. • • 

ANMNTRODUCTIOJSI TO ANALYTICAL CHflMfSTRY. 

By G, G. Henderson, M.A., D.Sc.,Jj^. D., Professor of Chemistry iv 
* University of Glasgow; and M. A. Parkfk, IL.Sc., Professor of Chemistry 
j in the University of Manitoba, Winnipeg. Crown 8v». 228 pp. Ss. net. 

THE FOUNDATIONS OF CHEMICAL THEORY: . The 
ETements of Physical and General Chemistry. By R, M. 

Caven, D. Sc. (Lond.), F.l.C. Large demy 8vo. viii -j- 266 pp., with 46 

•figures. Ks, ^d. net. 



THE CAl^US OF OBSERVATIONS^ A Tiiat^on 
. Numerii^ Mathem'htics. By e. t. Whitaker* s».d_ f.r*s., 

' Profeseor of Mathematics in the University of*Edinburgh, and George 
Robinson^ M.A,, B.Sc., Lecturer in Mathematics in the Urfiversitjf of 
' Edinburgh. ^ Second impression. EFemy 8vo. ISs.^net. * 

This work is concefned with the mathematical problems which arise in aealii^ 
with numerical data, especially such as occur in physics, astronomy^ ^et^vology, 
statistics^ ltd actuarial ft:ience. It is based^n cours^ of lectures delive«f;d at di^erent 
times ^ring the yeafs 1913-23 by ProfessoirWhittaker to undergradufite and graduate 
students in the Matliemalfecal Laboratory of the University •oiEdinbcargh, and gives a 
complete account of the laboratory courses«describing fuljy the methods which in ten 
years’ experience have been found most efiective.^ 

‘ A GENERAL TEXTBOe* OF ELEMENTARY AL^RA. 

By E.'^M. Chapman, M. A. (Cantab.), D.Sc. (Lond. jk, Late Senior Mathe- 
matical Master at Christ’s College, V^'infihley, N., Cljest^rfield Grammar 
Sdiocfi,* Blackburn Grammar Schbol, and^ Rkig Edward VII School 
Lyth^m. Large ^ci^own 8vo. xvi + 512 pp. 7 s. net. ® • 

. A work covering the syllabus in Algebra fgr the Final d.Si?. Examination, Lon^lon 
Unfv^i^rsity.' Embodies thc*mf)sf modern ideas on the teaching of the subject. 

• PLANE GEOMETRY. An®Account of the ignore Elementary Properties 
of thA* Conic Sections, ifeated the Methods of Pure and Co-ordiiTate 
, Geometry^ ^By L. 4B. IjiiiNNY,' M. A. (Cantab.), B.AT(LoiTd.), , F.I^rA.S, 
Sometime Mathematical Scholar of Christ College, Cambridge; Principal 
% of Leigh .Technical School, Lancs. Large crown 8vo. viii -f 336 pp. 

• with Answers, including 146 figures and 5 half-tong portraits ot celebrated^ 
• mai<*hemalicians. 1(A. €d. net. 

Th 5 book covers completef) the syllabus in Geometry for the Pass ^A. 5 nd B.Sc. 
(Sectid*n D) ExamimAion of the U^iiversity of London. 

“The work is excellent aiftl should be in ver^’ great d^.‘mc'*fid by those students wiio. ar^ 
preparing for the partWular examinations concernetl, foi it covers the syllabus admirably and 
contaii^- a Icfrgtfnumber of qiK\stion.s taken liom the examination papers.” — Education 


APPLIED CALCULUS. By F. F. P. Bisacre, o.b.e., M.A., B.Sc.. 

^ ^ A.M.lnst.C. jj!. Large crown 8vo. xvi -f 416 pp., with Answets, includ-' 
ing 106 figuies, and 17 half-tone portraits of celebrated mathematicians 
. £lici physicists. lOs. 6d. net. ^ 

Tine book has been specially written for science and engineering studeiits who 
desire to acquire a working knowledge of the calculus but whose j^relimlnary 
■ mathematical equipment is slight. f * 

“ If the study ct: imithematics can be made interesting to students who are not born with 
very^^arked mathematical inclinations, then surely Mr. Bisacre has made it so. ... 1 he 

subject-matter^ uniformly excellent. . . . Altogether a very admirable book.”— Education. 

^ PRINCIPLE^ QE SANITATION AND .PLUMING. 0f 

Richaki:> H. Bkw,;. R’egistcred Plumber; Member Royal Sanitary Institute, 
yeao 'feacher of Sanitary Engineering and Plumbers’ Work, •Lorfdou 
County Council School of Building, Brixton. Large demy 8vo. 

78. 6d. net. « 


‘ SdENlTFlC METHOD. Its Philosophical Basis and its Mode of 
Application. By F. W. WTsfiAWAY, Author of Science atid^Theolo^, 
Third Edition. Revised and extended. Super-crown 8vo. lOs. 6d. net* 
r * 
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